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SUMMARY

Oral drug delivery is the most common and preferred form of drug administration into
the body, especially for small molecule active pharmaceutical ingredients (XmA®Is
often exist as different polymorphic forfrisvith unique physical and chemical properties
including crystal size, shape, and pufifwhich can lead to vastly different behavior in
terms of stability, bioavailability, dosage, and exposure lifrit8Pharmaceutical crystal
engineering can based to control the polymorphic forms of dragel n recent years, the
desire for polymorph control has led to the development of severgdneelctionmethods
including heterogeneous crystallization from surfate¥sand confined crystallization
within pores!®'#Pharmaceutical crystallization in a gel network presents a system with
control over both the surface chemistry, for heterogeneous crystallization from a surface,

and over the gel pores for crystallization within pdre®.

o- A,
Drug crystal | ‘ o
l% E == ==}
\D’b oj}é + (<] - —
aT S O s
Surface Confined Combined crystallization from

templating crystallization surface and confinement

Figure S.1 Crystallization within gel networks provides the combined benefits of
surface templating and confinement, allowing for the rational design of systems for
directing polymorphism

The purpose of thresearcldescribed in thisiesisis to develop cellulose nanocrystal

(CNC) based gel systems to be used as a favorable environment for crystallizing small
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molecule APIs. Using modified CNCs, we developed supramoleotg@anogel systems

to crystallize a variety of sulftlvased antilotics with multiple polymorphs. Additionally,

the feasibility of using aerogel systems for API crystallization was proven using
unmodified CNCs; we developed aerogel system for crystallizing and stabilizing
pharmaceuticals with metastalppelymorphs. Finally, surface modified CNC aerogels
were used to show the combined effects of surface templating and confinement for

directing polymorphism of a model pharmaceutical intermediate.

The focus onCNCsfor this researctstems from its low toxity andbiocompatible
nature. CNCs arne nanoscale derivative of celluloaehighly abundant polymer obtained
from plants and tree3heyhave recently gained attention as gelator materials, especially
in forming hydrogels as they can be easily dispenmsedater and be directed, such as via
increasing concentration or heating and cooling to supersaturation, to assemble fito gels
Gelsare3-dimensional extended networks of solids with pores filled with solvents, which
give them the properties of sefilids?>23The materials and preparation methods for these
gels can be used to control key properties, including the physical size of the pattes and

internal gel chemistry

CNCs present with high surface area covered with hydroxyl groupsh can be
functionalized to produce many different surface chemistries. With modified CNC
surfaces, gels can even be formed in solvents where the unmodified CNCs are unstable,
creating opportunities for a wide variety of organogels. These modified Ga\esbeen
shown to form organogei$?°and aeroge|$'**making CNCs a promising material for the

purposes of this research.
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Theresults from this worlshow the ability to develop organogels and aerogels with
modified and unmaéled CNCs that are able to direct APblymorphismvia the use of
surface templating and confinement within the gald providean avenue towards using
CNCs in pharmaceutical engineering ghift towards polymorphs with higher water
solubility or to forns with more sustained release behavior to increase the duration for drug

uptake into the body, while reducing the total required dosage of thé’dfug.
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CHAPTER 1. Background

In this chapterjnformation related to pharmaceutical crystaigl nanocellulosare
reviewed. In particular, this chapter focuses orctireent state of research relateditag
crystal engineering andanocellulose and its applicatiomsvarious gel forms including
organogels and aerogeladditionally, crystallzation in gel systemsespecially for

pharmaceuticahpplicationsare also discussed

1.1 Cellulose

Cellulose is a highly abundant biopolymer that, being a fidaséd material, exhibits
renewability, biodegradability, addw toxicity.2%3!It is alinear chain of linked Bylucose

units with a large number of hydroxyl groups on the surfRigute1.1A).3233

Hemicellulose

Cellulose

Figure 1.1A. Chemical structure of cellulose chains containing Bjlucose unitsand
B. Schematic of cellulosgyellow), lignin (red webs) and hemicellulosgblue) within
plant cell walls

These long chains contain both higbkgered crystalline regions and more entangled
amorphous regions that interact, giving strength to tree cell Wéafi€ellulose exists in
secondary cell walls otrees and other biomass in conjunction with lignin and

hemicellulosgFigurel1.1B), both of which also impart strength to the trees.



Cellulosefibersand their micro and nanostructured foramsnaturally high in strength
and stiffness making thensuitable as reinforcement materials in textiles and
composite®*® as well as attractive for biomedig4af® and pharmaceutical
applications'®#! Cellulosefibrils canexist in bundles leading tagglomeration and poor
dispersibility, which reduces processability and potential applicatidime nanoscale
derivatives of cellulosesellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs),
are able to overcome these issues and have regaitigdsignificant researcinterest.
Nanocellulosegetain many of the inherent properties of cellulgsicluding surface

chemistry and low toxicityput have smaller aspect ratios andch higher sudce area
1.1.1 Cellulose nanomateriglroductionand properties

Cellulosehas a hierarchical structutiekat can be broken down into its smaller scale

componentgFigurel.2).

Cellulose
bundles

Biomass/cellulose source

(cNC)

s30nm | g E—— Microfibrillated cellulose

100-500 nm

Amorphous
Crystalline

(CNF)

10-100 nm I

o HO. \0 L/o HO.
sy

OH

1nm Cellulose chemical structure

Figure 1.2 Schematic representation of hierarchical structure of cellulose



Cellulose nanomaterials are typically produced in two main \ivagechanical action
and chemical treatments. There are also processes which use a combination of these two

methods to obtai@NFs and CNCwith different properties including size and aspect ratio

1.1.1.1 Cellulose Nanofibers (CNFSs)

To produceCNFs,bleachedellulosepulp from trees are mechanically separated using
grinding milling, or homogenizatiori>*>The cellulose is further broken downltioerate
fibrils through mechanical action or usihigh shear and pressufd.the lab scale,everal
cycles of homogenizaticareneededvhere the fibers pass through a narrowtgdpcrease
the degree of fibrillization and obtain individual CN¥sLab and research scale
preparation of CNFsgs highly laboriousyesults invery high energy needandcanalso
lead to problems with fibgrlugging which can block the homogenizer and slow down the
proces$? To counteract these problems, pretreatments wanadded prior to the
mechanical shearing stecluding ultrasonicatiofi®## ionic liquid pretreatment&4
enzymatic pretreatmentéalkaline pretreatment$,and TEMPGmediated oxidatiof% >3
CNFs typicallyhave diameters on the order 666 nm and are usually several microns
long3*>*CNFs contain both amorphous angstalline regions as indicated Figure1.2
and in order to remove the amorphous regions to obtain CNCs, harsher treatments need to

be used.

1.1.1.2 Cellulose nanocrystals (CNCs)

CNCs are produceith industryusing atop-down approachwhich involves breaking
down the cellulose fibers using acid hydroly@tggure 1.3). Prior to this step, the lignin

and hemicelluloses need to be removed, typically useagiential alkaline and bleaching



pretreatment$°5°¢ Strong acids such dsydrochloric phosphoricor sulfuric arethen

used tadissolve pure cellulosend promotehe transverse cleavage of amorphous regions

of cellulose fiber$%°8 The crystalline regionwithin the fibersare more protected than the
amorphous regions due to the highly favorable hydrogen bonding interactions between the
closepacked moleculesso the amorphous regisrare preferentially degraded. The
cleavage occurs between adjacent glucose molecules, which are then removed from the
cellulose chains, effectively reducing the sizetld chain removing certain glucose

moleculesandleaving crystalline regions of nanocellulogégure1.3).%’
OH
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Figure 1.3 Reaction scheme showing acid hydrolysis of cellules

The most common acid used for hydrolysis is sulfuric 8du$Qy) as it provides the
quickestcleavage of the amorphousgions incellulose fibers This process, however,
leaves negative surfacbarges due to partial esterification of some of tyelroxyl groups

on the surface of the CNBigure1.4).59°
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Figure 1.4 Schematic representation of sulfate ester addition onto CNCs during acid
hydrolysis with H2SOq

While these sulfate groupscrease thalispersibility of CNCs in water due to a
stabilizationeffectfrom the negative chargegscreasing the number of sulfate groups on

CNCshas beershown to significantly decrease their thermal degradation tempetdture.

62

1.1.1.3 Commercially available CNCand their production

There were three types of CNCs used durregdourse of this research obtained from
three different suppliers. Two of them, Forest Products Labgré&tl) and Celluforce
(CF) use the sulfuric acid hydrolysis procesand the third supplie usesa patented
American ValueAdded Pulping (AVAP)process$® The AVAP processises acidic sulfur
dioxide and ethanol to fractionate biomass and remove lignin and the amorphous portions
of the cellulosic materials. The CNCs are then mechanically treated to separate the CNC
particles(these have been denoted GR@ this thesik®*® All three of the processes are

summarized irFigure1.5.
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Figure 1.5 Process summaries for CNC production from Forest Products
Laboratory, Celluforce, and the patented CNG3s

All of these CNCs are relike particles that have some of the inherent properties of
cellulose including biocompatibili, low toxicity, and high stiffnesut, theyalso exhibit
high crystallinity, low density, and high surface area to volume ratio on account of their
small size and high aspect ratio. The size and aspect ratio of CNCs are known to vary
depending on theosirceand production methodut typically have a width of a few

nanometers with a length of a few hundred nanométéfs

1.1.2 Cellulose nanocrystal surface modifications

The high surface area of CNCs presavith a large number of hydroxyl groups, which
readily allows for modification of CNCsurfacesto adapt the material to different
conditions and applications. These modifications incladeboxylation, silanization,
esterification with acid chlorides, etfifecation with epoxides, acetylation etteading to
many different available surfacehemistries?7.68 CNC functionalization occurs by

attaching functional groups onto the cellulose backbaitie the simplesimodification



method being adsorbirsyrfactants onto the surface through physical interactitthshe
hydroxyl groups(Figure 1.6). These modifiers usually have a hydrophilic head, which
associates with the hydroxyl on t&NC surface and a hydrophobic tail, which extends
away from the particle surface and can interact with organic solvents or m&trit&his
produces an environentally sensitive interaction, as the surfactants are not chemically

attached and can be washed off with water or other polar solvents.

Nanocellulose (] Nanocellulose |

+ other chemical
(usually surfactant)
ﬁ

Figure 1.6 Representation of surface adsorption onto nanocellulose. N&zules or
surfactants can be physically attached onto CNC surfaces usually via stirring in a
dispersion

Chemical modifications can be done via molecular substitution or polymer grafting
(Figure 1.7). Grafting to uses presynthesized polymer chains that are attachied
techniques such as click chemistry between an atkgmeinatedCNC and an azide
terminated polymef? 74 A grafting from mechanism involves polymerizing directly from
the CNC surface, for example through a ring opening or radical polymerization

reaction’>76
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Figure 1.7 Chemical modifications routes for narocellulose: molecular substitutions
are possible via chemical reactions; prenade polymers can be grafted to CNC
surfaces via chemical reactions; and monomers can be grafted from CNCs to form
polymers on the surface

Modifications of CNCs improve the dispdility and compatibility with noraqueous
solvents and with other materials such as polymer matrices. It is also possible to incorporate
charges onto the surfaces to provide electrostatic intera¢tiahcan lead to gelation or
layerby-layer assemblyof films.”2777® These charged surfaces can also improve the

stability of CNC dispersions in water and organic solvents.

1.1.2.1 TEMPO-Oxidationof CNCs

2,2,6,6tetramethylpiperidinel-oxyl radical TEMPO)-mediated oxidation is well-
studied route tearboxylate cellulosic materiat$>28°81The reaction uses TEMPO and
NaBr as catalysts and NaClO as an oxidant to convert the primary alcohols on CNC
surfaces to C6 carboxylate grou@sgure1.8).5%81 The first step of this reaction involves

the TEMPO ayl radical converting theellulosealcohol groups to aldehydes. Then the



NaClO converts the oxyl radical back to a stable state and furttéizexithealdehydes

to carboxylic acid groupue to the packing nature of CNCs, only a fraction of all the
hydroxyl groups are accessible on the surface andrbdfication converts the primary
alcohol groups on théNC surface tacarboxylate groupis agueous medi while keeping
thesecondary alcohola the bulkunaffected andtructure and morphology of the material
intact®%8'0Once these carboxyl groups are available on the sutfeese materials can be
used to form seléssemblingfilms andgel networks combined into othematrices and
systemg® or used as an intermediate step for further modifications since the carboxyl

group is more readily reactive

TEMPO
Radical
N

(ljo
12 NaCIOJ o
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Figure 1.8 Schematic for TEMPO-mediated oxidation of cellulose
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TEMPO-mediated oxidation can also be usedda chemical pretreatment to produce
oxidized CNFs directly frompulp. The negative charges added to the cellulose fiber
surfaces dring TEMPQoxidation cause repulsion between the fibensd reducehe
interfiber hydrogen bonding, thus makisgparation by mechanical treatment much

easie? Several producers, including tRerest Products Laboratgnyeresuccessful in



scalingup this process to produdarge batches of TEMPONFs with a much lower
energy demandnaking them commerciallyiablefor use incoated papers amdultilayer

films.83:84

1.1.2.2 Polymergrafting to CNCs viamine coupling

Polymer graftingmethods, botlio and fromCNCs,have been increasgly studied as
a way tomodify CNC surfaces often toimprove their compatibility with non-polar
solvents andpolymer matricesor to addstimuli responsive functionaliti€$.”” The
Agr aft i ng dinvoleespolymareinghdoectlyfrom CNC surfaces and typically
has better grafting density since steric hindrance does not play a role when attaching each
small monomer to the growing polymer chain. Several groups have successfully used ring
opening polynerization to attach polymers such @msycaprolactoneRCL) and poly-I-
lactic acid PLLA) onto CNC<$°® However, grafting from can lead to a high
polydispersity and it ioften difficult to characterize the side chains and get a full
understanding of the degree of polymerizafiof.i Gr at bion@ver comes t hi
using presynthesized polymers, which are well characterized with a known degree of
polymerization. Steric hindran@an sometimes limit the amount of substitutpmssible
if using bulky sidechains butthefinal product can be better characterized aasi a lover

distribution of molecular weigheading to a more uniform materf&l’’

The most common method for grafting onto nanocellulosic matesalssing a
coupling agent to attach an existing polyrteethe nanocellulos&Vhile theCNC surface
hydroxyl groupsan be usetbr coupling, TEMPO oxidzed CNCs provide more reactive

surfacefor grafting polymers onto CNQsa coupling reaction$>’* One such coupling
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reaction can be performed usiigEMPO oxidized(carboxylatell CNCs and primary
amines through a carbibmide-catalyzed amidation reactidAThe reaction pathway is
shown inFigure1.9 using1-ethyl3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) as a catalyst. ED@ttacks the carboxyl grougn the CNCforming a very unstable,
reactive intermediaté&-hydroxysuccinde (NHS) is added to the mixtur® form a stable
active ester intermediatéAn amine is then added to the mixture to attack the ester

intermediate anébrm stable amide crodmks with the carboxyl groups

AN

N—

CH OH O/C
o N /\/\ - —/\
o o TEMPO oxidation o o . EDC
HO HO HO
OH n OH n

+amine
terminated + NHS
polymer

° e NH,
0, -
o}
HO
OH
n

Figure 1.9 Reaction pathway for amine coupling onto carboxylated CNCs

With this coupling methodamines and amineterminated polymercan beattached
onto CNCswith a straightforward grafting to technigaed several studies have shown
successful grafting usinigng chain aminegmineterminated polyethylene glycol (PEG
NH2) and mlyetheramine$®®° Polyetheraminesptherwise known as Jeffamir@sare
polyethers consisting of ethylene oxidesl propylene oxides amage terminated bgmino

groups Figurel.10). Thesematerials are of interest in thersemsitive applicatiornas they

11



undergophase separation armcthn behave as a swollen coil arcollapsed globule
depending on temperatute® Thes long polymer chainareespeciallyof interest to this
thesisbecause theprovide periodic ether group functionalities that are not limited to a
chain end or surfacand can be easilgrafted onto carboxylated CNCs via carbodiimide

coupling using the teninal amino groups.

7

HeG *O\/jﬁ ON}NHQ
R

M-600, M,, =600 g mol"
M-1000, M,, = 1000 g mol™’
M-2070, M,, = 2000 g mol"

\

Figure 1.10 Polyetheramines (monoamine) produced by Huntsman Chemicals

1.1.3 Gel formation using cellulose nanocrystals

CNC suspensions have an inherent tendency to form hydrogelscsmtemtration of
CNC patrticlesis increased, a phenon@nprimarily driven byelectrostatic interactions
due to syrface charg@°2°3CNC hydrogels are used as rheology modifiers in paints and
coatings but, as small crystals, CNCs cannot entanglehvimds the strength of these
hydrogels to under few thousand Pascals (based on the storage modtillisjs makes
CNC-only hydrogels too weak for applicatiosgch as tissue engineering or drug delivery,
which require storage moduli of greater th&kPa To increase CNC hydrogel strength,
they can beombined with water soluble, hydrogen bonding polymers such as polyvinyl
alcohol (PVA) and alginat¥:°*Often in order to be compatible with other matrices, CNCs

have to be surface modified usingethechniques discussed Bection 1.1.2 The

12



combination of CNCs with polymers as a mixture or using compatibilizers that covalently
crosslink the CNCs with the matrix can drastically increase the strength of the CNC gels

and expandheir applicatios.?1:%

CNC-only hydrogels usually need at least 10 wt % CN€#&xhgelation, but this can
be reduced by changing solution conditions or surface functionalities. As mentioned above,
the most widely used and available CNCs are thosguygsed by sulfuric acid hydrolysis,
which have negatively charged sulfate ester groups on the surface, providing repulsion
between patrticles. Salt addition can be used to decrease the electrostatic repulsion and lead
to stronger attraction between CNCshiW this method can produce CNC hydrogels at
much lower concentrations of around 1.5 wt9# it adds salts into the mixture, which
could interfere in biomedical or drug delivery applications. Thermally induced desulfation
can also reduce the electratic repulsion leading to gelation at lower CNC concentrations
without the need for additional salts. Lewis et. al. showed that heating of CNC solutions as
low as 1 wt % to above 80°C removed sulfate ester groups to forrstaetfing
hydrogels’® The emperature and concentration can be changed to provide hydrogels with
varying strengths and mesh sizes; however, both of these methods are only viable for
sulfated CNCs. Ultrasonication can be used to accentuate gelation by mechanically
increasing the commtration of the CNCs that can be weikpersed to a point above the
percolation threshold, leading to higher associations between crigstasethaw cycling
of CNCs can also force aggregation by physically confining the particles between ice
crystals’” These methods can form CNC hydrogels without the need for additives or

chemical modifications.
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For some applications, CNC gelation in organic solvents is desirable, which can be
achieved through freezbaw cycling for a few specific polar organichsents®® CNC
organogel formation in a wider variety of solveistsnore readilyachieved through use of
a solvent exchange procedurebyrusing surface modified CNC# solvent exchange,
miscible solvents are swapped gradually, while the solutesmetissiolved or suspended.
Aqueous suspensions or hydrogels of CNCs are typically solvent exchanged with ethanol
or acetone by successive centrifugation and redispetsinstead of performing solvent
exchange steps, surface modified CNCs can be dexpargompatible organic solvents to
directly form stable organogei®1°®which increases the potential applications of CNC
gels to more than agueous environmenhtgese organogels have been studied for uses in
pollutant adsorptionand barrierfilms. In this thesis,we use the second method,

modification of CNCs to directly disperse in an organic solvent for gelation.

Both CNC hydrogels and CNC organogels can be dried using various techniques to
make aerogels, which are gel networks where thvesbis removed to leave highly porous
structures. Aerogels are low density materials that provide high surface area and porosity.
They are useful for applications requiring high adsorption or loading capacities, such as oil
adsorption and drug delivet{* 1° Another advantage of aerogels is the laclsafent
dependence, enabling their use in a wider variety of applications than hydrogels or

organogels, includingjlters, separation membranaad lightweight reinforcemen#10°

CNC aerogels arformed using @hreestepprocedurel) dissolving or dispersing the
CNC or its derivative in a solvent, 2) forming a gel in that solvent, and 3) drying the solvent

while retaining the 3D network structure of the g@gure1.11).
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Figure 1.11 Representative schematic of CNC aerogel formation

One method of obtaining aerogels is supatical drying (SCD).SCD typically
involvesexchanging the solvent in a gel with a supercritical fluid, usually carbon dioxide
(COy), and thesubsequent removal of this solvent under supercritical conditedrme
31°C and 7.4 MPa foE0,).1% This techniqueavoids liquidvapor transitions for the gel,
which has been linked foore collaps. SCD requires thayel solvent to be miscible with
CO for complete solvent exchandénfortunately, this means that SCD cannot be used
for hydrogelssince water and Care immiscible A two-step solvent exchange process
can be used to first exchange the solvent to ethanol or acietonimg an alcogefollowed
by exchange with C@!%31% Wwhile this process is useful for CNFs, CN@sve very high
inherenthydrogen bondingvith water and ethanand full solvent exchange is almost

impossible folCNC hydrogels.

CNC aerogelsareproduced using a freezirying techniquen order to sublimate the
water outof CNC hydrogelsandleawe the porousaerogel structuré his methodreezesa
suspension or hydrogel of CNGormingice crystas within the structure, which are then
sublimatecbut at low vacuumThe freezing ratean be manipulated thanges the size of
the ice crystals fornteand thus the pore size of the resulting aerog#isortunately, he

rate of ice crystal formation can leaddggregation problemsr cracking within GIC
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aerogels and the final products are often not very homogeneutthe temperature

gradients during freezintj:103.107

In this thesis, CNC suspensions wereduced via dispersion in watand aerogels
were developed via freezirying. A -80°C freezewas used for all aerogel formations in
order to keep the freezing rate constdrite frozen CNC suspensions were thieren

freezedried to remove the solvent.

1.2 Pharmaceutical Crystallization

1.2.1 Phamaceutical Oral Dosage Forms

Oral drug delivery is the most common and preferred form of drug administration into
the body, especially for small molecule active pharmaceutical ingredients (APIs).
However, certain disadvantages, including pooug solubility, bioavailability, and
stability, lead to limitations with oral dosage forms and their therapeutic abitfies
resultingin ~40% ofnewly discovered APIs farlg duringdevelopmentespeciallydue to

poor water solubility8:10°

The FDA defines bioavailability as the rate and extent to a which an administered drug
is absorbed and becomes available to the site of drug attighThis can be thought of
in terms of two parameters, solubility and permeability. Solubility refers to the volume of
water required to dissolve the highest dose of the drug at physiological pH ranges and
permeability refers to the absorption of the drug e intestine. Thbeiopharmaceutical
classificationsystem (BCS) divides orally delivered drugs into four categories based on

these two paramete(Bigure1.12).11112
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High solubility

Class 1 = rapid dissolution Class 2 = bioavalaibility

al b el and well absorbed limited by dissolution rate

Class 3 — bioavailability
Low permeability limited by the permeation
rate

Class 4 — not well absorbed
and not dissolved

Figure 1.12 BCS classification system for orally administered drugs

For the purposes of this thesis, we are focused on the bioavailability dependence on the
solubility of a drugFrequentlyfor class 2 and class 4 drugjse requirectlinical dosage
is insoluble in physiological amounts of gastrointestinal fluid, rendering the drug
inaccessible to the body>1'*According to the U.S. Pharmacopoeia, solubilities below 10
mg/mL are considered sparingly soluble and under 0.1 mg@reconsidered practically
insoluble. APIs with these low solubilities often pass their absorption site within the body
(such as the stomach or intestine) before complete dissolution of the drug (Ergsted

1_13)_115,116

Low absorption of drug into

Low dissolution of smallintestine and body

druginto Gl fluid

L | » =

S’

Oral drug delivery

Figure 1.13 Low dissolution of some orally delivered drugs leads to poor absorption
of drug into the body
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An example iIis fenofibrate, a cholesterol
water, which is significantly below what is considered insoluble. A typilede of
fenofibrate is a 54 mg tablet, but studies have shown that only 6% of the drug is dissolved
in water after an hodt"'8In vivo studies with rats have also shown that due to low
dissolution, only 3€60% of fenofibrate is absorbed and at I&86 of the drug is excreted

in urinelt®

1.2.2 Polymorphism in pharmaceuticals

APIs often have a large number of functional groups in their chemical structure
enabling them to pack into several different crystal structurpslymorphsPolymorphc
materialsare thoseawvith the same chemical compositithiat cancrystallizeinto different
lattice structures or conformatioff8:*?'As such, APIs often exist as different polymorphic
crystalline forms or as a disordered amorphous form. Each of these forms have unique
physical and chemical properties including shapeity, andfree energy which can lead
to vastly different behavidn terms of stabilitysolubility, dosage, and exposure limits.

123 Dissolution of asolid drug particleis dependent on the formation of intermolecular
bondsbetweenthe drugmoleculesand the GI fluid which isinfluenced by the surface
functional groupsThe free energy of a crystal determines its inherent stability and the
amount of energy needed to separate the lattice and release the molecules into the
solvent!?*Size and shape determine the surface-twamlume ratio of gartide available

for these interactions and bond formations to oCElus, the polymorph properties of free
energy and particle shape, in addition to a property set by processing, the size, are the key
drivers for the rate of dissolution and solubility aclaiele physiologically(Figure

1.14 .4,124
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Figure 1.14 Key factors affecting the dissolution rate of pharmaceutical$ (purple
rods representindividual molecules)A. free energy of the API form, B. crystal size,
C. crystal habit, and D. surface functional groups

The interest in pharmaceutical polymorphisnsesi from these property differences,
which need to be understoda the developmenbf a specificdrug product While the
lowest energyform is usuallythe most thermodynamically stable and easily obtained, it
could showvery low solubility and bioavailability making it ineffective as a drug. An
example ischloramgenicol palmitateyith polymorphsA and B.1?>126\While A is the
thermodynamically stablform, it is therapeutically inactivéorm B is a higher energy
form, so it dissolves more easily in water, raising its bioavailability, but also shows lower

thermodynamic stability, leading to conversion to form A over fifhe

Polymorph stability aththe potentiakconversionbetween polymorphare important
factors to consider during drug developménis also crucial to identifyall the possible
polymorphsof a given drugWhile a specific form of a drug might remain stable for an
extendedgeriod of timeand appear to be the only crystal foadditional polymorphs may

present themselvekter due to slight changes in the production method, including
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temperature, pH, or concentratidff12°A famous example of this Ritonavir, an HIV

drug made by AbbVighat was commercializesls polymorpHorm | in 1995 but had to

be pulled from the market a few years later when many of the lots failed the dissolution
tests.A higher stablity form Il had appearedwhich was much less solubénd thus
showedsignificantlylower bioavailabilityand was no longer considered an effective HIV
drug. Though its origins are unknowiigrm 1l spread quickly through the production
process, with any trace dhis polymorph in the manufacturing centers leading to
spontaneousonversion of form | to the more stable form Witimately, AbbVie had to
reformulate ritonavir and develgmewprocess to produce fornaihd keep it stabjevhich

took two years3%132 Due to thes issues,identifying and understandingotential

polymorphsof a drug is essential before moving into production and trials.

Though not a polymorph of the drug, the amorphous form is also importattdy
during the drug development procesile crystalline materials have thrdanensional
long-range order, amorphous materials exish morerandompacking resulting in higher
internal energy:*® Amorphousforms of pharmaceuticalsave therefore, beeshownto
haveimproved solubilityandhigherbioavailabilityas a result of being a hilyhenergetic
solid material***13°As a result, amorphous APIs typically have a higher dissolution rate
and can be made using a variety of common techniques such as vapor condensation and
supercoolig of the mekstatet>*1*Unfortunately again attributedo the highly energetic
nature of the solid state, the amorphous form has poor stability and tends to crystallize over
time, which has significantly limitedts research andts widespread use in the

industry34137
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Due to the existence of variosslid drugforms, API formulationand productiorhas
to be carefully controlled to obtatonsistenidesired propertiesThe form of a drug is
highly dependent orthe crystallization conditions, including solvent, temperature,
concentration of drug, and cooling raté?413813€rystal engineering is an important field
of study that focuses on understanding the factors behind API polymorphism and tuning

the crystallizatioomethods to control the drug crystal form.

1.2.3 Polymorph control

Crystallization consists of two stepsnucleation and growthNucleation is the
formation of a small particle out of a fully dissolved solution and growdturs as
additionalmoleculedrom the solution attach onto the nuclucleation controls the type
of crystal structureobtainedand growth controls the sizand shape of the final
particles!?>14°0Once nucleation has been achieved, the growth process takeanolver
eventually ledsto the finalAPI crystal and thus the final dissolution rate. Crystal growth
is a layerby-layer processwhich occursas addibnal atoms form intermolecular
interactions with the nucléf®In addition to polymorphism, drugs crystals can also exhibit
different crystal habits. Habits refer to the shape of a drug crystal, which, along with crystal
size, can greatly influence saility.*'?2124Sjze and shape of a drug crystal control the

available surface area for dissolution of the drug.
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Figure 1.15 Schematic representation of homogeneousicleation directly out of a
supersaturated solutionand heterogeneous nucleatiofrom a container surface,
added impurity, or seed crystal

Nucleation in pharmaceutical crystallization falls into two main categories
homogeneous and heterogeneddsmogeneous nucleation is the formation of a solid
nucleus spontaneousig solutionwithout any preferred nucleation site. Heterogeneous
nucleation is the formation of a new nuclelisectly onto a surfacg(Figure 1.15).140.141
Nuclei formation is influenced by contributions from intermolecular interactions, flexible
molecular conformations, and solvent dynamacsl he driving force for both of these
mechanisms is a decrease in the free energy of the s¥/St¥hFor homogeneous
nucleationgnergy is released whamucleus is condensed out of a supersaturated solution.
This energy release is greater than the energy required tehemaw solid/liquid interface
of the nucleus leading to an overall decrease in the free energy of the syf@m

heterogeneous nuegon,the energy considerations also includedbetribution from the
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energychangeat the interface a nucleus forming on the additional surface, which lowers

the overall energy from the liquislirface contact®143

In the pharmaceutical indusirthere are a variety of crystallization techniques used to
control the nucleus formation and thusrystal properties, such as highessure
homogenization and supercritical fluid crystallization; however, many of them can lead to
production of impure andndesired polymorphs since crystallization is a highly sensitive
process®124As a result, there has been a shift towamdse controllabledrug crystal
engineering processasd the two this thesis focuses on laggerogeneousrystallization

onto tailored surfaces and confined crystallization within ptfe'$®

1.2.3.1 Heterogeneousrystallizationon surfaces

Heterogeneous crystallizatianvolves nucleation onto an existing surfagehich
decreassthe effects of molecular confoiations and the solvent, while providing a surface
as a templat&146This hashistoricallyb een used t hrough the pra
crystallization processwhere preformed crystalsof the desired polymorphsre
introduced to the supersatwdtdrug solutioso that additionatucleiorient into the same
crystal structuré®4"However, thiss not sufficient for the new challenges in production
of thermodynamically unfavorable polymorphs, as it requires a significant quantity of pre
formed crystals of the same polymortplvhich couldbe difficult and costly to produce.
Seeding also does not completely eliminate the formation of undesired polymorphs from
the supersaturated bulk solutifi1“8 Additionally, with metastable polymorphihere is
alsothe chance of interconversiafi the seeded crystals to more stable, but undesired,

forms of a drug®® New approaches involve heterogeneous crystallization onto surfaces
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that are not identical to the APIs, but have surfaces where thedlpsitymorph is more

favorable than the most stable fotf#46.1%0

In designing surfaces for heterogeneous nucleatitakey parameterare epitaxial
matching (lattice structure) arttie surface chemistry (physicahteractionsto control
molecular orientation)Additionally, controlling the area available for crystallization
allows control overthe supersaturatiomvhich can be used to indufmmation of desired
nuclei This is particularly important for crystallizing metastabpolymorphs, as

metastable phases form more readily at high supersatur&titdhs

A Crystal B
face 111
100 l
§__,,—> 101 Drug crysta| '
oTo"‘ 0%’0“
121

Figure 1.16 Parameters affecting heterogeneous crystallization: A. Lattice matching
and B. Surface chemistry

Angular orepitaxialmatching can also be used to direct the growth of a specific crystal
due to lattice matchintp®>* Mitchell et. al. showed that by ing cleaved surfaces of
pimelic acid(PA) crystals epitaxial matching could be achieved to form the yellow needle
(YN) polymorph of5-methyt2-[(2-nitrophenyl)aminoj3-thiophenecarbonitriléROY), a
precursor to the druglanzapinePA crystalspresent wih (101) and (111) planes but the

YN polymorphpreferentially nucleates on tij#01)pa plane due to direct contact with the
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(001~ plane.This study showed thahere was twalimensional epitaxial matching
between these YN crystals and the PA surfassg atomic force microscopy and the

exact orientation was [10@]-[010]pa and [010yn-[10p]pa. 13

Additionally, wsing thesur f aceds ¢ h efumctisnalr gyoups snpa& c i f i ¢
pharmaceutical crystal cdre targetedvia the formation of hydrogen bonding steric
effects, directing the nucleation ofthe desired polymorpf> 1" Hydrogen bonding
between microcrystalline cellulose (MCC) and API crystals ugesl by Verma et. al. to
drive heterogeneous nucleation for several APIs including carbamazepine (CBZ),
acetaminophen (ACT), and fenofibrate (FERPDiao et. al. used polymer substrates with
various functionalities to direct interactions between hyeindgobnd donoracceptor pairs
with drug crystals. They showed the preferential interaction of the (011) face of aspirin,
which is rich in carboxyl groups, with tertiary amide functionalities on pely(4
acryloylmorpholine) substrates and the interaction dbamyl rich (100) face of aspirin
with poly(2-carboxyethyl acrylate) surfaces, which contain a high number of carboxyl
groupst*3The interaction of the surfaces with incoming API molecules directed the growth
of specific crystal habits of aspirin moldes. Several studies hawasolooked at self
assembled monolayefSAMs) as templates fohPI polymorph crystallization. SAMare
highly orderedand can incorporate a wide range of functional groups, which can be used
to easily alter the surface chemistif/a substraté>® 10 This makes SAMs very versatile
surfacefor controllingcrystalgrowthand several groups have used these materials to direct
polymorph growtht>8161163 Hiremath et. alused3 -@itro-4-mercaptobiphenySAMs to
preferentially orient th€100} crystalphaseof 2-iodo-4-nitroanilinevia I-NO: interactions

and vander Waals forces between the crystal and the SAM sub&tfafang et. al.
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prepared SAM®f 3-mercaptopropionic acidndnucleatedhe metastale form Il d the
drug mefenamic acidy forming hydrogen bondingnteractions between ttseibstrate and
the -COOH groups of the drug crystat&€While polymer andSAM substrates have been
studied for heterogeneous nucleation, ussagpendegarticles and thredimensional
networks such as gedge still an emerging field. In this thesis, sn@NC particleswith
highly modifiable surface chemistriesare exploitedto induce interactions withdrug

crystalsanddirectnucleation for APIs with a high number of polymorphs.

1.2.3.2 Confinemenin pores

Confinementof drug solutionsin pores(or other space that smaller than a few
hundred nanometérsan also inducerystallizationby increasing the supersaturation in
localized areasThis can lead tdhomogeneous nucleationithin the poresor even
heterogeneous nucleation from pore wHfg®® Different plymorphs have different
critical nucleus sizes andopes povide constraints on the space available for nucleus
formation which can be used to direct the formatimincertain drug polymorph$>166
Confinement within porealsolimits the amount of space available the growth ofa
drug crystalleadingto smallercrystals, which have laigher surface are-volume ratio
and thus a faster dissolution raté%"Variations in theore sizes can also lead to different
crystal habitglue to interactions with the solvemtavailability of/access to certain crystal

faces 167,168

Several studies have used confinement to direct ctiystallization of specific
polymorphs or even force the amorphous form of a drug to be prés&fitt¢6.168.16% has

been suggested that in order forstey nucleation to take place, pore sizes need abbet
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20timesthe size of the critical nucleus. Recenyyyer et. al. confirmed this for the case

of FEN, adrugused to lower cholesterol and triglyceridesth a critical nucleus of1.27

nm. Theyused nanoporous silica asbdowed that belowa 12.7 nm pore sizeamorphous

FEN was formed, whereas aba/20.2 nm pore sizerystallization was able to occand

FEN form | was grown®® Glassmembranesvith different pore sizes were also used b
Ha et. alto crystallize anthranilic acid (AA), a wateoluble vitamin and metabolit€he
smallest pore size was able to nucleate the metastable form 1l of AA while larger pores
revealed only form Ill of the drug. The preference for form Il in the smaller pores was
attributed to the smaller critical nucleus si#eSimilarly, Beiner et.al. usedcontrolled

pore glass@PGS3 to crystallize ACT, a widely availablgain reliever and fever reducer,
that has three known polymorpksth form Ill being the metastable form. This study
showed that using nanoconfinement, the metastable foroi NCT was crystallized and
stabilizedin CPGs with pore sizdsetween 43 and 103 ntff. Though this is a fairly new
area of researchhése studies show the feasibildf/using confinement as a method for
polymorph control in pharmaceuticals. While most studies in this areaisadenorganic
materiald®>166:168or polymer gel¥416%17%or confinement, in this thesi§NC particle

based gels are used

1.2.3.3 Combinng surface chemistry and confinement in poi@spharmaceutical

crystallization

While both surface nucleation and confinement within poredeamsedas individual
techniqueso tune API formationthese methods can also be combitzeplrovide a system
for control over drug polymorph formation and drug crystal size and. haléstigatinga

combination of these methopsovides insight into the effects of eamt API polymorphs
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and drug crystal habit and siZéhis thesis focuses on controllitigesetwo crystallization
techniques in order to understand the fundamental effects of combined crystallization

methods on API polymorphism and the final drug crystal products.

Gels arean interesting class of materiéit@tenablecontrol over both surface geometry
and surface chemistry, makirigem prominent for rational desigof systems forAPI
nucleationGels typically contain pores with smatlesh size, which can play dramatic
role in enhancing nucleation kineiby forcing supersaturatiori 1’3 Additionally, the
surfaces within a gel netwogkresent theotential forsurfaceAPI interactiors enabling
control ovedirecting thedrugpolymorph!’417>The surface of the pores within the gel can
be modified to enable binding of specific API functional groapsl presenting sites for
heterogeneous nucleation of drug crystalse mesh size of gels can lw®ntrolled by
changing gelation parameters includiig type of gelator or crosslinkethe moleailar
weight (if the gelator is a polymerandthe concentration of gelatomhe growth of drug
crystal nuclei in gels is restricted based on this meshwtaeh provides control over the

final crystal size and habit:}"117>

The use of gels inhe pharmaceuticafield has been studied by several groups,
especially for encapsulation adcug delivery applicationgsels can be swelled tertain
media for the easy release of entrapped particles such as drug ciMstaseceny,
crystallization of APIs within gel networkBas gained traction, especially for newly
developed hydrophobic drugd-oster et. al. demonstrated the use of bis(urea)
supramolecular gels for the growth of pharmaceutical crystals, taking advantage of the
reversibility of the gels to release the drug crystals after grbivral et. al. showed that

alginate hydrogels can be used to crystallize and encapsulate both hydrophobic and
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hydrophilic APIs, but the encapsulation of hydrophobic APIs required thefiemulsion
droplets due to the hydrophilic nature of the algif&t&Vhile these studies have shown
promise for gelas crystallization media, a major challenge that remaideveloping gels
for drugnucleatia is the casdéy-case basis on whichei are designed. Each new desired
API crystal form needs a new gelrming materiabnd mediumand while some materials

will work for classes of APIs (i.e. hydrophobithey are not fully flexible.

As discussed irsection1.1.2 CNCs can be functionalized fwresent with different
surface chemistrigbat have the potential fdirecting APIpolymorphismnvia interactions
with the surface functionalitieg he gelation of CNCs was discussed in sectidn3and
usingsurface modified CNCs, the internal chemistrieshebe gels calpetuned to interact
with APIsand form sites for heterogeneous nucleatiRorosity within the CNC gels can
be used for confining the crystallized nuclei to specific crystal sizes and habits. The large
specific surface area of CN@Gsexpeckd to present a large number of nucleation sites for
providing high yields of API crystalevenby using small amounts of materiéth this
thesis, CNCs with hydroxyl groups, carboxyl groupsg hydrocarbon chains, and ether
functionalities arelevelopedGels of these modified CNCs dheen used as platforms for
crystallizing APIsin order to study the effects of combined crystallization on API
polymorphscrystalsize, anccrystalhabit. Determining these effects can leadatbetter
understanding of crystallization, whighan importansteppingstonéor rational design of

pharmaceutical crystallization platforms.

1.2.4 Metastable polymorphs
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Concerns with the stability of drug forms is not limited to the amorphous form. API
polymorphs can also undergo interconversion and this is an important factor to consider
during drug development. Metastable polymorphs of a drug can often form during the
crystallization process due to kinetic factors. These are transitional states thatearia low
energy than a supersaturated solution but are not the most thermodynamically stable form.
Metastable polymorphs, therefore, spontaneously form out of supersaturation salutions
have higher solubilities than the thermodynamically favastade butface the same
stability issue as amorphous forarsdusuallytransitionto the stable form in a relatively
short period of timé'?4146 Chloramphenicol palmitate (CAP) is an example of this
phenomenon. While form B of CAP has higketubility, it shows lower thermodynamic
stability, leading to conversion to form A over tifté1?>These transitions can also lead
to clinical failures, even after a drug has gone to market, as was the case with Ritonavir
(see sectiori.2.2. As such, acessing and stabilizingnetastable polymorphs remaias
challengein the field of API production and processifighese polymorphs often require
very specific conditions to crystallize including control over solvent, temperature, pH, and
level of supersaturatigh'’” Some studiehavereported methods of obtaining metastable
APl polymorphs including surface templating’®'’® solid dispersions/”'8 and
confinement8? 183 Telford et. al. showed that a metastable form Ill of acetaminophen was
stabilized using lactose as an excipient. This was achievable due to the favorable

interactions between the lactose molecules and the@foxyl (OH) groupst®” 7@

The stability ofthese metastable polymorplsa concerrand interconversioman
occur when subjected to certain stimuli, such as moisture, solvent, heat, pH, or even

time 1418For some drug forms, including the mesde form 11l of acetaminophen, solid
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state transformation can also occur immediately after preparation or within hours without
any external stimuli, preventing thorough investigatiorthafseform 188188 This often

limits the use of metastable formaodrug in commercial applications, even though they
may exhibit higher therapeutic activitiRecent studies have reported ways to stabilize
metastable polymorphs through the use of additi¥é®°%r confinement®! Nowak et.

al. formed thanetastable polymorph Il of fluconazdqELU) usingthe polymeric excipient
Soluplus They used a spray drying technique to obtain these pharmaceutical crystals and
showed that the Soluplus excipient is able to stabHizd form Il from transforming to
stable form | which occurs at elevated temperatures and relative hunmididyessler et.

al. formed SAMS using 2-aminoN-{-[2-(2-amino3-phenytpropionylamino)
ethyldisulfanyl}ethyl}-3-phenytpropionamide, which were able to crystallize and
stabilizet he met ast a b-gyltamit) acit. Bhesm SAME are able tmhibit
transformation to the stable form bgstricting molecular conformatiod®® Studies into
stabilizing metastable polymorphs are still limited to individuaksigned systems and

not very widely used.

This thesisnvestigates the use of cellulose nanocrystal aeragstaffolds to stabilize
metastable polymorphs of the model drug inétmacin. These aerogels provide both
surface templating and confinement effects, which can be ustaktitize themetastable
forms of drugsand prevent interconversion to enable the use of higher solubility drug
forms. Furthermore, the utilization of tke norspecific scaffolds can be expanded to a
wider array of pharmaceutical moleculeshich can expand the use of metastable

polymorphs.
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CHAPTER 2. Effect of purification methods on commercially

available cellulose nanocrystals properties and TEMPO oxidation

This chapter was adapted frapublication inProcesses

Banerjee M., Saraswatula S., Wilhs A, Brettmann B.Effect of Purification Methods
on Commercially Available Cellulose Nanocryseabperties and TEMPO Oxidation
Processesvol 8, issueb, pp. 698 2020.

Prior to using CNCs for gel formation and pharmaceutical crystallization -@epith
study into three commercially available CNCs was perforrs@ce CNCs ar@atural
materialsextracted fromtrees and plants, they ctée highlyvariable,and thematerial
properties often have a strong dependence on the commercial source and extraction method
used Purification methods can be used to further adted reduce variability ithese

material properties

The aim ofthe work in this chaptetherefore, was to examine various CNC properties
and show the effect of different pastatments on the physical and surface properties of
CNCs and to use this information to understand the im@pa@NC producerand post
treatment on the extent of surface modification via TEM®@ation as well as on the
formation of CNC gels that could be used in applications including drug crystallization,

tissue engineering scaffolds, and structural membranes.

CNCs wereobtained from3 different supplierandwere postreated inRhouse with
three different purification methoddialysis, Soxhlet extractiowith ethano] and acetone
washing(Figure2.1). Since the production method of the CNC material is known to have

an impact on both physical and surface properties of CNRaacterizations were
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performedo analyzeéhe CNC particle size, crystal structure and surface clefgpee and
after thepurifications. Additionally, TEMP@pxidation a commonly used process in the
nanocellulose industrywas performed on each other CNCs, again before and after
purification to determine théevel of surface modification achievableo furtherevaluate

the effect ofCNC source angurification organogels of the differdgttreatedCNCs were

prepared and the strength of the gels measured using rheology.

Dialysis £ e Impurities
membrane Cellulose \R o Cellulose
-
il
N
Excraction | (]| _—
solvent [k S S
il 7% s Uy T r
B. = |C [ Acetone |

Figure 2.1 Schematicsof post treatments on CNCS A. dialysis, B. Soxhlet
extraction in ethanol, andC. washing with acetone

2.1 Materials and Methods

2.1.1 Cellulose nanocrystals

CNCs were obtained from three different commersigipliers Forest Products Lab
provided & 11.8 wt% slurry of CNCs in watéFPL-CNC). These were produced usiag
sulfuric acid hydrolysis process to prod@sCs fromstrip-cut dissolving plp. Following

hydrolysis, the material is fractionatadd concetrated into an aqueous dispersion

CNCs obtained from Celluforce werearspray dried powdeiorm (CFCNC). These
CNCs werealsoproduced by sulfuric acid hydrolysis bleached Kraft pulpThe CNCs

werethen neutralizediluted and spray dried.
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The third type of CNC wareceivedas a slurry containing 3.27 wt% solidSNC-3).
These were produced usitige AVAP processvhereacidic sulfur dioxide and ethanol are
used to fractionate biomass and remove the lignin and the amorphous portions of the
cdlulosic materials. The CNCs are then concentratedl left as an aqueous suspension
We use one batch of each supplied materiahi@istudies in this thessd do not examine
batchto-batch variationFor certain studies in thihapter CNCs needed toe freezedried
prior to useA Labcanco Fre€one 2.iter freezedryer was used to freeze dry the samples.
CNC dispersions were placed @0 mL freezedrying flasksand frozen in a80°C freezer.
Frozen samples were placed in the freezer éty&0°C and < 1 mmHg pressure. The freeze
dryer was used to sublimate out all the water from the system leaving behind solid CNC

powder.

2.1.2 Cellulose nanocrystal purificatiomeatments

Dialysis purification was performed on all theraseived CNCs in order t@move
salts and any other watsoluble impuritiefrom the CNC surfaceslrhis has been used
previously for CNC purificationespecially to remove free acid from CNC suspensioifs
For this thesis,idal ysi s membr anes wer elSdgebaceandwered f r o1
made of regenerated cellulose from cotton lintAgueous suspensions of CNCs were
dialyzed against deionizg@®l) water. The wateto-suspension volume ratio was 100:1
and, over the course of dialysis, the water was changed 5 tiseatatof once per day for

5 days.

Soxhlet extraction ia continuous reflux technigaleataims to remove partially soluble

impurities from solid surface byepeatedlyrunningwarm solvent through a samplghe
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continuous recycling of solverthrough the samplensurs that the impurities are
transferred away from the sample and into the solviéns has been used previously to
purify CNCs and improve the reproducibility of chemical reactions from CNC
surface® 192 andin this thesisSoxhld extraction of CNCs was performed using both
ethanol and acetongthanoland acetone were bobibtained from Acros OrganicStudies

were conducted using 1 g dfy CNC powder(FPL-CNC and CNG3 were freeze dried
prior to use) which wasplaced ino Whaiman brand extraction thimbleand into the
extractor A 500 mL roundbottom flask containin§00 mL of the desired solvemtas used

for the extraction proces$hese samples were extracted for 48 hours and the resulting

CNCs were left to drpvernight before further use.

We use acetone washing becaokthe ease of set up and sample preparafiorhlet
extraction can take several hours but rinsing a material requires no specialized glassware
and can be completed in a much shorter time. Aeei®a common solvent for many
organic materials and was thus used to dissolve organic impuftesthe acetone
washing,1 g of dryCNC sampleqFPL-CNC andCNC-3 were freezalried prior to use)
were suspended in acetone and stirred for 10 minusésy a magnetic stir platerhe
suspensionsvere then centrifuged for 10 minutes at 10,000 RPM using an Eppendorf
centrifuge. The supernatant was removed thimlwashcentrifugecycle wasrepeatedin
additional 2times for each sample. The resulting wash&iC€ were left to dry in air

overnight befordurther experimentatian

2.1.3 Cellulose nanocrystal characterization:

2.1.3.1 Dynamic Light Scattering

35



Dynamic light scattering (DLS)s a norrinvasive technique that provides an
approximate size of particlésyy analyzinghe Brownian motiorof particles Aggregation
and sedimentation disrupt random movement of parfisiesolutions have to be quite
dilute in order taccurately use DLS for size measurem@atsCNCs approximately.05
wit% or less)t®*1%4Using the EinsteiStokes equatio(Equation2.1), the size of a particje
otherwise known as the hydrodynamic radiug)(@an be obtained from theanslational
diffusion coefficient D, which isrelated to thanovement speed of the particles in the

solution or dispersion.

0 — Equation2.1

kei s Boltzmannds aadn gt aanrte atnhde t entpeer at ur
solution respectivelythese parameters affect the movement of parictesnce smaller
particles would move fastethe diffusion coefficienthas an inverse relationship with

particlesize

DLS estimates all objects to be spherical andsRhe radius of the spherical obje
Even though CNCs are rditke particles, DLS can provide a good relative indication of
the apparent particle size of different CNCs, especially at low CNC concentrations where
aggregation is minimizetf> DLS was used to obtain the approximate plrtsize of the
CNCs. Solutions of 1 wt% dried CNCs in water were diluted down to 0.001 wt% and
sonicated with a probe sonicator for complete dispergidfisherbrand modé05 Sonic
Dismembrator was used for all probe sonication work in this thEsesCNC dispersions
were measured at 21 Zetasizenusinlyl polystyeenencuvéttasn a | y t |

Three measurements of each type of CNC were taken with five runs on eaule.sa
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Averages and standard deviations were calculated from these 15 Rapestederror

bars represent the standard deviation.

2.1.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM g characterization technique usedhtain
images of specimes at very high magnificationsA beam of electrons is transmitted
through a sampland the interaction between the electrons and the sample is used to
observe the different features, such as sihapecrystal structureand grain boundaries
Due to thdow wavelength of electrons, the resolution of TEM is very highraito and
nanoscale features are easily resolvEdere are several challengdsat arise when
characterizing CNC sizes with TEM. The presence of debris can hide CNCs from the
detector or the contrast between the material and the background could be low.
Additionally, if the CNCs are not well dispersed, aggregation can lead to images where
individual CNCs cannot be distinguished, especially since CNCs are often strongly
hydrogen bonded together. Keeping these conditions in mimdhis thesis, a JEOL100
CX-Il TEM instrumentwas used to observe the approximate size and shape of the CNCs
with an operating voltage of 100 kV. Sampl
wt% CNCs in water onto carbon coated TEM copper grids placed on filter paper.
Concentrations of CNCs between 0.00 mg/mL are considered dilute enough for good

dispersion but not too dilute where only one or two individual whiskers aré%égh.

The contrast in TEMs dependent omteraction between the electron beam and the
sampleand how well the electrons are able to transmit through the matezalidd atoms

typically block electron beamsothe environment of a sample can be stained watwvi
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metal salts to block out th&gnal enabling easier visibility of the samgie this thesis,

uranyl acetate was used to stiesamples®”10 €L of a 0. 1% uranyl
was dropped ontthe grids afterthe CNC solution castingxcesdiquid was removed by

dabbing with filter paper. The samplavere driedovernight before imaging. Images
obtained from TEM were analyzed using ImageJ to measure the sike iatlividual

crystak. 30 crystals total from 3 different images of each CNC tyge measured and the
average and standard deviation were calculaiée aspect ratio of the CNCs were
calculated from length versus width of particles and the uncertainty was determined via

propagation of error

2.1.3.3 X-ray diffraction

X-raydiffraction (XRD)is an analytical technique usedietermine phase information
of crystalline materialdn this technique, xays are directed at a sample and the diffracted
radiation iscollected By measuring the difference in the angléhefincidentaind reflected
radiation information about crystal structure, unit cell size, and % crystallinity can be
obtainedIinthisstudya Panal yt i c al-1XRD d¢perated at RO noA waslugeth a
to study the crystal structure and crystallinity indi¢€sl) of the three different CNC
samplesThe range of scanned angles was535 using a 1/4 anti-scatter slit and a 0.04
radian soller slitPowder XRDscans were done on tREL-CNCsand CNG3s after freeze

drying and on the GENCs asreceived (spray t&d powder).

The crystal structuseof the CNCs were determined from theak positionswhich
correspond with the different crysfabhnes.The Crl of eachCNC samplewas determined

using two methods. First, the XRD datas analyzedising PeakFit v4.12 software to
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perform a deconvolution of the amorphous and crystalline peaks. It was assumed that the
amorphous content was the only factor contributing to peak bro@danthan amorphous

peak at 21.4° was used as a reference to determine the crystallinity .ff¢{i€e$he

second method used to measureGhlewas the peakeight method developed by Segal

et. al, whichis given byEquation2.2 2092%% s the htensity minimum between tipeaks
corresponding to thel0 and 20@rystal planesor cellulosed, whi ch occur s at
= 18.7° and o is height of thepeak for the200crystal planea t 2 d . Ehe idttehsitp A

was aver ag e dSkandard d@watioNs were 8lse dalculated from these values

and measured as a percentage of the average. The higher of these values was taken as the

uncertainty.

01 Op — pmm Equation2.2

2.1.3.4 Zeta potential measurements

The surface charge of the CNCs was determined wsitagpotentiameasurements
Zeta potential isrmelectrostaticharge that develops at the interface of a solid material and
its liquid surroundingsWhen patrticles are dispersed in a solvany, functonal groups on
the surface of the particle interact with the solvergsulting in surface charges. These
charges attract ions from the solution to form a double layer surrounding the stinace.
zeta potential is a sum of these surface and double ¢apeges It is often used as an
indicator ofthe stability of a dispersigras a higher charged surface will repel other
similarly charged particles and prevent aggregatlonthis thesis, a Zetasizer Nano Z
(Malvern Instruments, Ltd., Worcestershire, Utih a dipcell setup was used to measure

the zeta potential of CNC dispersionkhe instrument temperature was set to 25°C.
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Approxi mately 800 €L of 0.001 wt% CNC sol

cuvettes. The Smoluchowski equation was usedatoulate the zetpotential. Three
samples of each tymé CNCwere measured with five runs on each sanipleified CNCs
were also measured in a similar mandererages and standard deviations were obtained
from these measurements and the error bargsept the calculated standard deviations

for each type of CNC.

2.1.3.5 Conductimetric titrations

The surface charge afachCNC samplewas also measured using conductometric
titrations. This is a technique that measures the electrolytic conductivitysamale
solutionas a reactant is addeficidic samples can be titrated using a base in order to
measure the change in conductiviag the acid isslowly neutralized.A v-shaped
conductivity profile is obtained as the conductivity declines fthendecrease di* ions
and eventually reaches a plateau followed by an increase in conductivity from additional

OH being added to the solution after thédais fully neutralized2%2

CNCs can contaisurface sulfate ester gnps that can exist iacidified formsIn order
to ensure all CNC sulfate esters are acidified, an ion exchangewasinsed to fully
protonate the sulfate halérgroups.A column ionexchange procedure was perfean
using Dowex Marathon C hydrogen form resin from Sigidrich, following the
procedure by Beck et. #? A 29 mm chromatography column was packed with some
cotton followed by25 cm of the resin. This was washed with over 1000 mL deionized
water immediately before usghe ion exchange procedure was performed on FPL and CF

CNCs since these were obtained via wudf acid hydrolysis. Foeach of these types of
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CNCs, 500 mL of 0.5 wt % CNC dispersions in water wastirred overnight.The
suspensiomwasthen run through the colurmand collected (the first 3@0 mL of eluent
from the column was discarded) after pr@ton was complete. Fresh resin was used for
each type of CNCThe third type of CNC, CN&, was not produced by sulfuric acid
hydrolysis and was not expected to contain sulfatedséfr groups. A sample of CNLC
was sent for elemental analysisAtlantic Microlab, Inc.and it was determined that this
material contained no sulfulon-exchange and surface charge determination using

conductometric titration was therefore not performed on this type of CNC.

In this thesis, CNC dispersions were titrated agfasodium hydroxide (NaOHysing

a method optimized from literatuf&%%292 and conductometric titrations curves were
obtained by continuously measuring the conductivity using a VWR Brand pH and
conductivity meter100 mL of the iorexchanged CNC suspensiaras diluted by adding
100 mL deionized wate? mL of a 0.1M NacCl solution was also added in order to increase
the conductivity of the sample to within the reading limits ofabeductivity meter. The
titration was done by adding betwed®0500¢ L o f 0 . 1to thv subper@iéh
approximately every minugnd the conductivity was recorded once the reading was.stable
The conductivity readings were corrected for a dilution factoraccount for the added

volumeof NaOH.

Three titrations were done for each sample and the average and std. deviation is
reportedA typical titration took about 600 minutesandEquation2.3 was used to obtain
the amount ofulfateestergroups, which relates to the surfat@rgeVeis the volume of

NaOH at the equivalence poifithis is the volume required to neutralize the sul&dter
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groups, Cnaon is the concentration of NaOMcnc is the massraction of CNCsin the

suspensionand Ccnc is the concetration of the CNGuspension

0YO Equation2.3

Raw data from a typical conductivity titration is shownFigure 2.2 and the V¥ is
determined using the curve as showhe calculatedsulfateester concentratiofor this

sample i£287 mmol/kg of CNC
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Figure 2.2 Representative conductometric titration showing the different regions of
the curve.

2.1.4 Surface modificatioin TEMPO mediated oxidation:
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2,2,6,6 Tetramethyll-piperidinyloxyl free radical (TEMPO) was obtained from TCI
America. Sodium bromide (NaBr), and sodium hypochlorite (NaOCI) were obtained from
Alfa Aesar. Oxidation of CNCs was done using the procedure by Habii®&Briefly,
about 1 g of dr CNCs(FPL-CNCand CNG3 were freeze dried prior to usegre suspeded
in 150 mL water and stirred for 10 minutiesevenly disperseTEMPO (0.035 mol/mol
CNC) and NaBr (0.5 mol/mol CNC) were added and the suspension was further stirred for
10 minutes. NaOCI (3 mol/mol CNC) containing-13% active chlorine was addedan
dropwise manner to start the oxidation procedure. The pH of the mixture was kept between
10.5 and 11.5 with the addition of 0.5 M NaOH. The oxidation was deemed complete after
4 hours of stirring when the pH of the mixture stopped decreasing rapidlyeddts®n was
terminated by adding 5 mL ethanol and stirring for another 30 minutes. The final product
was centrifuged to separate the solidstaedcconcentrated oxidized CNCACNC) samples
were dialyzed against DI water for 5 daymafly, the OCNC was freezedried to obtain a
white powder. Three oxidations were performed on each type of CNC before and after the

purifications.

The degree of oxidation was quantitatively measured using conductometric titrations
(described above in secti@nl.3.5. Approximately, 50 mg of the freezgied OCNC was
suspended in 100 mL water and stirred. 2 mL of 0.1 M HCI was added to the suspension to
obtain the carboxylic acid form of-ONC. This wadtitrated against 0.1 M NaOH and
Equation2.4 was used to calculate the amount of carboxyl group per gram of CNC, where
Vpis the volume of NaOH corresponding to the plateau of the conductometric titration curve,
which is attributed to neutralizing the CN@rboxyl groupgseeFigure2.2), Cyaon is the

NaOH concentration, and 3\ is the weight of @CNCs used for the titration. Titrations
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were performed othree separate oxidized samples of each type of CNC and averages and

standard deviations were calculated.

0'Q Qi E0ME VQ () 0-0¢ & —— Equation2.4

2.1.5 Formation of cellulose nanocrystal organogels

In this chapter, spramolecular organogels were formagd a method similar to that
used iINCHAPTER 3 While the later chapter goes into ardepth study othe gelation
mechanism and factors affecting gelation, this chapes the optimized gel formula to
evaluate the effect of the different CNC suppliers and purification methods on the gel

strength.

Organogels were preparég first dissolving 90 mgyctacecylamine QDA) in 3 mL
dimethyl sulfoxide DPMSO). This solutim was vortexed for 30 seconds followed by
sonicating in a bath at room temperature for 10 minutes tihgetugh mixing30 mgof
O-CNC was added to the mixture and again vortexed and sonicdtedmixtures were
then heated to 70 t o diasd vorfexed dgaint te enable | e c u |
furthermixing of the GCNC and ODA. The mixtures wetigen cooleat 4 °C in the fridge

to initiate network formation

2.1.6 Characterization of organogels using rheology

Rheological studies are used to study the flow and deformation of materials. In a typical
experiment, a stress is applied to a material and the resulting behavior is studied to
detemine properties such as strength and viscosity. In this chapter, rheology is used to

determine the strength of gel phase materials by measuring the amount of energy that can
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be stored in the material. When a stress is applied, energy is inputted ingb dmel ghe

some of that energy is stored within the gel network, while the rest is dissipated as heat.
The storage modulus (G6) of a material rel:
the strength of a gel network determines the amountexfyg that can be stored. The loss
modul us ( Go) of a materi al is related ene
materi al i's higher than GO and the <crossc
considered the dgelation point and the materibehaves like a fluid after thighe de

gelation point was measured for the gels in this chapter in order to determine the effect of

purification and CNC source on network disruption.

For this thesis, rheological studies were performed using a TA Insitarbéscovery
Hybrid RheometeB. In this chapteithe organogels were characterizesihg stressweep
experimentsA 40 mm diameter plate and a 2° cone geometry were. 2 mL of each gel was
analyzed at a gap of 53 mm at 25°C. Stress sweep experimentpevinemed at a

frequency of 1 Hz with the stress ranging from 0.1 to 1000 Pa.

2.2 Results and Discussion

2.2.1 Physical Properties oAs-received CNCs

CNCs were characterized to determine the physical properties, including size, shape,
and crystallinity, of the matmls. For the as ecei ved materi al , t he
particle sized as measur e d-CNGs,®2 HBlna fomtes 125
CFCNCs, and 152 + 38 nm for the CN8S (Figure 2.3, blue bars). The variation in the
diameter of FPECNCsand CFCNCs was low, indicating narrow distribution of CNC

sizes and low aggregation, which is attributed to the colloidal stabilityfNaf<Jproduced
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by sulfuric acid hydrolysis. This method of CNC preparation leaves sulfate half ester
groups on the surface of the CNCs, which are charged at neutral pH and provide colloidal
stability.>62:292The DLS measurements for CABS showed a mucWider distribution of
particle sizes as seen from the high standard deviation. Examination of the particle size
distribution indicated the existence of a large number of aggregates with ara@@d60

of each sample having a diameter of 400 nm or highes.Aigher level of aggregation is

due to the lack of sulfate ester groups onGN&E-3 particles, which are produced without

acid hydrolysis, and subsequigritave alow surface charge and low colloidal stability in

water8519

400

M As received M Dialyzed M Soxhlet ™ Acetone

360

320 F

g

&

Diameter (nm)
g 8

120

FPL-CNC CF-CNC CNC-3
Source of CNC

Figure 2.3 Diameter of all CNCs from DLS measurements indicating size as
received and after posttreatments. Blue bars are for asreceived, green bars are for
dialyzed posttreatment, red bars are for Soxhlet extraction postreatment, and
purple bars are for acetone wash postreatment

To complement the DLS results, which treat the particles as spheres, the size and shape

of CNCs were observed using TEMigure2.4). The average lengths of the CNCs were
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133 nm = 34 nm, 79 = 30 nm, and 194 * 32 nm for &NCs CFCNCs andCNC-3s,
respectively. Overall, these size values agree with the pattern seen from the DLS results,
indicating that the sizes obtained from DLS are reasonable estimates of the approximate
CNC whisker sizes and their trends. The sizes obtained from TEM are larger than for DLS
for CNC-3s, probably due to poorer dispersion in the 0.5 wt% solution used for TEM
imaging, indicating that some of the particles in the TEM images are probably aggregates.

Based on the CNC shape, it was determined that the aspect ratio of thes@MCe the

highest at 34 + 7 followed by FRCNCs at 18 £ 5 and GENCs at 8 + 3.

Figure 2.4 Transmission electron microscopy (TEM) images of ageceived
A. FPL-CNC, B. CF-CNC, andC. CNC-3

The crystal structure and percent crystallinity of CNCs from the three different
commercial suppliers were determined using XRD analysgife2.5). It was observed
that CNG3sand CFCNCsc ont ai ned onl y c¢ ehHhhve &roonclinit b cr vy
crystal structure. Peaks for CN8S were observed at 15.8, 22.8, and 34.7° corresponding
to known crystal planes for cellulose | b. (
peak at 20.7, which corresponds to the 102 pi&te® In addition to peaks at 15.2, 17,

and 22.8, FPL-CNCs presented with peaks at 12.2, 19.9, and®°2T%e first set are
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indicative of the presence of the monocl ini
set is indicative of cellulose Il peak¥.The crystallinity of the material determined using

PeakFit was based on an underlying amorphous hump at around 21.4° (not seen in the
figure). This method showed that FHEINCs had the highest total crystallinity at 97%; CF

CNCs were 87% crystallinend CNG3s were found to have the lowest crystallinity at

68%. The Segal method, which is a good indication of relative crystallinity, gave a Crl of
83.9% * 5% for FPYCNCs, 76.8% + 3% for GENCs, and 75.2% + 1% for CNBSs.
Unfortunately, this method doast account for all of the cellulose Il present in FBNCs

since the Segal method needs to be modified tosmsetl 2 d20029120h@naver, this

mi ni mum cannot be separated from the 15.2A
in the sample. As such, the crystallinity of the FBINCs is probably higher thamas

found by this method. While the two methods provide different valti€sl, the relative

trend is the same FPRCNC > CFCNC a -3CTMe&Segal method was intended as a

relative measurement so these variations are understandable.
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2 Theta (°)

Figure 2.5 XRD powder patterns from the three different sources indicating
cell ul os«€NGCsBndCNMC3s C&nd cel |l ul ose |1 b- and ce
CNCs. Miller indices of the peaksdare sho
purple lines; CIl = Cellulose 11T green lines)

The zeta potential ahe CNCs was also measurddgure 2.6, blue symbols). Zeta
potential is a measure of the electrical potential at a solid/liquid interface and it is a function
of the surface charge and surrounding suspension medium. We useai$ la@réendicator
of the relative particle surface charge as we maintain a consistent suspension medium (DI
water), but it is not a specific measure of the surface charge. Based on typical
characterizations of zeta potential, we consider all zeta potersidl ues | ower t han
to be strongly negatively charged (red zon
mV to be moderately negatively charged (yellow zone), and zeta potential values between
O and 1T15 mV to be | ow tWecomparessampfeahyeonec har g

due to high variation in specific zeta potential values, particularly forspberical
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particles such as CNC¥' It was observed that both @NCsand FPI-=CNCshad similar,
highly charged surfaces with zeta potential valaes 737 N 3 mV and 1 3

respectivelyCNC-3, obtained from the AVAP process, presented with a much lower zeta

potential wvalwue of 1T12 N 1 mV, indicating

process.

Source of CNC

FPL-CNC CF-CNC CNC-3

¢ e

-10 .
é § W As received

W Dialyzed

20 F

-30 k

oLk

-50 F

HSoxhlet

Zeta Potential (mV)

m Acetone
washed

Figure 2.6 Zeta potential values of CNCs (squares are FRCNCs, crosses are CF
CNCs, and circles areCNC-3s), asreceived and after posttreatments (blue is as
received, green is dialyzed, red is Soxhlet extracted, and purple is acetone washed).
Regions are colored tdighlight amount of charged blue is low to no charge, yellow
is moderately charged, and red is highly charged

It was assumed that the charge ondkeeceivedCNCs was due to the production
method since sulfuric acid hydrolysis leaves sulfate half ester groups on CNC surfaces as
shown inFigurel.4. Conductonetric titrations were thus used to determineateunt of
sulfate ester groupsvhich could be correlated to the CNC zeta potential valkoesn
these titrations, it was found that FRINCs had292+ 14mmol OSQH/kg CNCand CF

CNCs had280+ 16 mmol OSQH/kg CNC. Since the CNGs were not prepared using
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sulfuric acid hydrolysis and showelbw surface charge from the zeta potential

measurements, conductometric titrations were not performed on this material.

2.2.2 Physical Properties of Purified CNCs

After examinng the asreceived CNCs, we performed three different ficsatments
on the materials in order to observe how purifying the differert@sved CNC materials
affected their physical and surface properties. The average size of each of the different
CNCsdid not significantly change after 5 days of dialy$tgg(re 2.3, green bars). The
dialyzed CNC DLS measurements were within error of theeesived material. Dialysis
removes residual salts and free acid molecules that might have been left over from the
hydrolysis steps. These salts would cause minor particle aggregation by reducing surface
chargé® or can be present near the CNC particles, which would increase the observed
diameter from DLS measurements; however, these results show that this was not
significant for these materials and the dialysis purification treatment did not have an effect

on CNC sizes.

Soxhlet extraction with ethanol, was performed for 48 h on freeze dried samples of
CNCs in order to remove impurities present on the surface. lbhdes noted previously
that extraction with ethanol is able to remove xylobioseahj8ydroglucose, vanillic acid,
and 3,4,8rimethoxyphenol from the surface of CNCs obtained from bleached ¢8tt&3.
This results from the slightly alkaline natureethanol, which can be used to hydrolyze,
dissolve, and remove the impurities on CNE significantly large reduction in the size
of CNCs was seen after this purification treatméigyre2.3, red bars). The diameter of

FPL-CNCs after Soxhlet extraction with ethanol was reduced to 73 £ 2 nm as compared to
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125 + 6 nm for the aseceived material. This could indicate that extraction with a polar
solvent may enable the removal of some impurities from the surface, which could decrease
the particle size directly or improve dispersion by removing impurities that cause attractive

interactions between patrticles.

CNC samples were also washed with acetone aafmtge decrease in the average
diameter of the CNCs was observed after the acet@sé treatmentRigure 2.3, purple
bars). For acetone washed FENCs the diameter was 65 + 18 nm as compared to 125 +
6 nm for theasreceivedmaterial. This indicates that a large amount of organic material on
the CNC surface was removed by dissolving in acetone, which is a good solvent for many
organic impurities. Again, removal of impurities may decrease the particle size directly or

reduce ggregation of the particles, leading to lower measured apparent particle sizes.

The zeta potential of each type of CNC remained approximately the same before and
after dialysis Figure 2.6, green symbols). The zeta potential for dialyzed ENCs was
136 N 1 mV as comp ar askceived fortdinlgzediCBCNCsNas3 mV f
T47 N 5 mV as c o mpasreeeivedindfor didy2ed NCB m\ sf arl 3
N 1 mV as compar eabreceiced Thdse reshits Bidicate/thaf dialysis
does not have a strong effect on the surface charge, likely due to most of the charged

impurities being hydrogen bonded with the CNC surfaces and not beingedrftom the

surface through this purification method.

After Soxhlet extractionKigure2.6, red symbols), the FPL material showed a reduced
Zeta potent a | value of 123 N 2 mV as c-eipear ed t

materi al and the CF CNCs al so showed a s mal
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N 2.5 to 17128 N 3.5 mV. This indicates that
also removed some charged species that were adsorbed onto the surface of the CNCs. For
the CNG3s, extraction does not significantly change the surface charge properties and the
zeta potenti al value after extractheia®n i s
receivednat eri al at 1712 N 3.5 mV. The lack of
extracted CNE3s can be attributed to the fact thats#s€NCs are produced using ethanol

as the solvent to dissolve the biomass. The material has thereéaedyabeen altered by

ethanol and additional ethanol does not strongly affect it.

After acetone washing, both FRINCs and CFCNCs showed a strong decrease in the
zeta potentialKigure2.6, purple), with acetone washed FRINCs having a zeta potential
value of 1713 N 1 mVCN@andhavien ® n® weatsd emo tCd
+ 4 mV, leaving the CFENCs and FPLCNCs slghtly charged after the washing. This
indicates that a significant amount of organic impurities was dissolved and removed by
acetone, which would account for the reduction in the zeta potential. Similar to the
extraction process, acetone washing doesigoificantly alter the CN€3 surface charges.
The zeta potential value for acetone washed @8C was 117 N 3 mV, wh |

error of theasreceivedmaterial.
2.2.3 Surface Modification of CNCs

The degree to which the CNCs could be oxidized via a TEMPQysataediated
oxidation was evaluated at 4 h, which is a typical amount of time used for TEMPO
oxidation and leads to mostly complete oxidafibiihe indication that CNCs were fully

oxidized was taken as when the pH of the oxidation reaction stopppgliny6®8! The
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oxidized CNCs were then characterized using -Beise conductometric titrations to
determine the degree of oxidation, reported in mmol/g of CNC. This is a common method
of determining carboxyl content for oxidized CNCs and measures tituctivity of a
solution as a titrant is added. A plateau in the titration curve corresponds with the amount

of carboxyl group$® 2

When performing a TEMPO oxidation for 4 h and keeping all oxidation conditions
constant, with a -8nolar oxidant to CNCatio, it was observed that FRINCs were
oxidized to 1.54 mmol/g, GENCs were oxidized to 1.36 mmol/g, and GilS€were only
oxidized to 1.05 mmol/g. These are typical values found for cellulose nanomaterials

produced from wood pult?:>*

Each of theposttreated CNCs were also subjected to TEMPO oxidafi@blé 2.1)
and the effect of purification on the amount of oxidation possible was measured. Dialysis
minimally decreased the degree of oxidation for any of the CNCs, which is as expected
given the partile size and surface charge results, since removing inorganic residues or salts
does not significantly change a material 6s
extraction, however, decreased the degree of oxidation reached faEN®&and G-
CNCs. This is surprising, as one might expect the removal of impurities to improve surface
modification for typical materials. However, these results indicate that some of the
oxidation that was observed on theraseived material could be from oxidatiohtbe
impurities rather than the cellulose molecules. Additionally, it has been suggested
previously that there could be charged oligosaccharides and carboxylic acid impurities
adsorbed onto the surface of the CNCs, which are removable by Soxhlet exf%éfio

These impurities would artificially increase the degree of oxidation observed and their
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removal, thus, lowers the degree of oxidation calculated. Similarly, for acetone washing, a
decrease in the degree of oxidation @MCs fromFPL and CF wagbserved. Acetone
would also be successful in dissolving inorganic impurities on the surface of the CNCs,
which could be driving the degree of oxidation higher. As such, washing in acetone would
remove these impurities and produce a lower degree of axidati just the CNC material.

This purification treatment leads to a greater uniformity of degree of surface modification
across commercial sources, with the degree of oxidatiasreteived=PL-CNCsand CF

CNCs being 48% and 27% higher than GB&; resgctively, but only being 14% higher

after acetone washing.

Table 2.1 Degree of oxidation for CNCs (using 3 moles of NaOCI oxidant per mole
of cellulose) before and after post treatments

Post Treatment FPL (mmol/g) CF (mmol/g) CNC-3 (mmol/g)
None 1.54 +0.10 1.36 £ 0.08 1.04 £ 0.07
Dialysis 1.47 +0.10 1.24 £ 0.02 0.98 £ 0.06
Soxhlet extraction 1.28 £ 0.07 1.09£0.01 1.01 £0.04
Acetone washing 1.14 £0.13 1.14£0.01 1.03 £ 0.07

A lower amount ofnherent impurities on the surface of CR€ would therefore also
account for the lower initial degree of oxidation achieved by €§CAdditionally, after
purification using Soxhlet extraction and acetone washing, the degree of oxidation
achieved by CNE&3s remained the same as the original material, indicating a lower amount
of impurities on the surface that could be removed by the solvents. This supports the results
obtained using zeta potential measurements showigure2.6. The results imable2.1
show that aseceived CNCs obtained from aciddmglysis (FPL and CF) show a much
higher degree of oxidation than-geseived CNE3s; however, this is likely due to the

presence of surface impurities, which inflate the degree of oxidation values. After washing
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with acetone or Soxhlet extraction with atiol, FPL-CNCs show the highest degree of

oxidation indicating the highest amount of surface modification possible.

2.2.4 Rheological studies of CNC organogels

Organogels were preparday mixing TEMPO oxidized CNCs (€CNCs) with
octadecylamine@DA) in the solvat DMSO. The carboxyl groups on the-ONCs form
hydrogen bonds with ODA, which is a long chain hydrocarbon terminated by a primary
amine on one side. In DMSO solvent, these components are able to coordinate into a
network and fornsupramolecular gel$Vhile CHAPTER 3contains a thorough study of
CNC organogelsthis chapter focuses on the effect of the CNC source and purification on
the strength of these gelsn optimized gel formulation and mixing proage was used in
this chapter, which was determined afterithaestigation performed in following chapter
that studied gel preparation parameters as well as mitanponent contribution#. was
determined that a standard gel system with 10 mg/r@NT, 30 mg/mL ODA, a mixing
order of dissolution of ODA in DMSO followed by addition of@NC powder and slow

coolingto 4 was an optimized gel.

To confirm that this formulation wasdeed the most optimizefdr all of the CNC
materials gels containing 10 mg/mL-GNC and ranging in ODA concentration from-10
50 mg/mLwere prepared using all threeraseived CNC material§.he storage modul
of these gelsvere measured using rheolodyiqure2.7). It was observed that for all three
sources of CNCs, the 30 mg/mL concentration of ODA (black curves) provided the highest
G6 value i n t hestgrageaniodurds suck thd 16 mg/noL fOCNEhde

30 mg/mL ODA concentrations were used for the remainder of the stutiies.data
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supports the resultshbtained in Chapted and is in line with the observation that above 30

mg/mL, the ODA is no longer solubln DMSOand thus aggregates instead of contributing

to network formation.

A. FPL-CNC —+—50-10 ODA-OCNC
—+—40-10 ODA-OCNC

——30-10 ODA-OCNC

—=—20-10 ODA-OCNC

10-10 ODA-OCNC

Storage Modulus (MPa)

B. CF-CNC

C.CNC-3

Oscillation Stress (Pa)

Osclllation Stress (Pa)

10 100

Oscillation Stress (Pa)

Figure 2.7 Storage modulus as a function of oscillation stress for nanocellulose
organogels with increasing concentrations of ODAnd 10 mg/mL of OCNC (O-
CNC:ODA mg/mL in legend) for A. FPL-CNC, B. CFCNC, and C. CNG3

In order to compare between the differ@€NC suppliers, thaverage of thestorage

modulus plateawas taken as an indication of the gel strength. This wahgecanpared

for the 1030 O-CNC:ODA gels andavassimilarfor all three CNC$~312 MPa), indicating

that though our studies showed tHalNC-3s havefewer carboxyl groups present oneth

surface, the network formation with ODA is not reduc8thce the ODA isforming

attachments with the -GNC carboxyl groupshis resultagain indicates that the original

degres of oxidation achieved by FPL and CF CNCs were probaidprrect and the

amount of carboxyl groups is not significantly higher than that on-GsIC
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Figure 2.8 Storage(circles) and loss( X dmoduli for organogels produced with as
received CNCscontaining 10 mg/mL O-CNC and 30 mg/mL ODA The crossover
points are circled inred to indicate the degelation point for gels of each type of
CNC i navy blue curves areCF-CNCs, pink curves are FPL-CNCs, andgreen
curves are CFCNCs

The degelation point for each of the gels was also determirs&ugurheology. The
pointwherethes t o r a g elosé iBaalyl( Ganpdsoverndicates the disruption of the
gel network.While the strength of the gels were all simil@\NC-3s showed the latest
disruption in gel networkFigure2.8). This could be attributed t€NC-3s having fewer
impurities on the surface of the CN@ghich would enabletronger bonding with ODA

anddelaythede-gelation
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Figure 2.9 Averages of the plateau region of the storage modulus for organogels
produced using asreceived (blue), dialyzed (green), Soxhlet extracted with ethanol
(red), and acetone washed (purple) CNCs frorthe three different suppliers.

The effect of purification method on the strengtlCiC organogels was studiesing
gels made with the optimized amount ofCNC and ODAas well(10:30 GCNC:ODA).
An average of the plateau of the storage modulus was takedicate the gel strength
(Figure2.9). The strength of the gelgas notsignificantly affected by dialysis for all three
types of CNC For FPL-CNCsand CFCNCs, extraction with ethanatlightly increased
the strength of the gddut not significantlyWith acetone washing, the strength of the FPL
CNC gekincreasedy a signiicant amountindicating that this purification method better
allowed for hydrogen bond formation between the ODA and th€NCC. This further
supporsthat the degree of oxidation before purification was overestimated since having
higheramount ofcarbocyl groupsshould have enabled more physical networks with the

ODA amine groups.

For CNG3, thestrength of the gels remainedlatively similar regardless of the

purification treatment, which is similar to the results obtained for degree of oxidEt®n.
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gels using Soxhlet extracted CMBS were slightly weaker but still fell within the error of
the other CNE3 materials. Since this type of CNC was fotmdefree from surface salts
and did not contain significant other impurities, ltke FPL and CFCNCs, thenetwork
formation was unaffected by the purificatiofhe acetone washed FRINCs hadthe
highest gel strength overall attributedhe removal of impurities enabling better hydrogen

bonding and higher degree afxidation than the CN@Gs.

2.3 Conclusions

In this work, we studied the physical and surface properties of CNCs from three
different commercial suppliers before and after three differenttpesiments: dialysis,
Soxhlet extraction, and acetone washing. We studied the effect of the Qidlizsand
posttreatment on surface modifications of CNC using the degree of substitution possible
via TEMPO oxidation as a model reactidvie also investigated the effect of CNC supplier
and purification on CNC gel formatido determine whethehe gelstrength and network
disruption were significantly influencedVe found that dialysis does not significantly
impact the properties of CNC materials nor affect the surface modification abilities of
CNCs regardless of the source. The degree of oxidationebafal after dialysis remained
the same for each type of CNC. Soxhlet extraction had a small effect on the physical
properties, especially the particle size, of acid hydrolyzed CNCs produced by FPL and CF,
indicating the removal of a few surface impuritieat not on the CN@s produced vithe
AVAP process. Washing CNCs with acetone produced the largest impact on the physical
and surface properties of the CNCs. The sizes of-ERCs and CFCNCs were
significantly reduced, as were the measured zeta paleofithe particles. The degree of

oxidation forCNCs fromFPL and CF were also significantly lower, indicating that surface
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impurities may have been inflating the degree of oxidation calculated for the untreated
CNCs or the impurities themselves werenigebxidized. Overall, it is clear from this work

that there is significant variation in CNC physical and surface properties for different
commercial suppliers, but that the surface charges and achievable degree of oxidation can
be made more uniform acrossurces by using Soxhlet extraction in ethanol or washing
with acetone prior to modification. This has important implications for transitioning CNCs
to commercial products for a wide variety of applications where surface modifications,
particularly thosehat rely on a TEMP&xidation step, are essentidhe investigation

into CNCgel formation in organic solvenshowedthat the CNGsupplier did not hava
significant effect on the strength of gelbut the acetone washing purification method
improved thegel strength for FPICNCs Since gelation is a commonly used technique
with CNCs, these results indicate that purifying the CNCs via acetone washing before gel
formation can be a good way to improve gel strergitice it enables better hydrogen
bonding fom the surface of CNCs and removes impurities that may obstruct network

formation.
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CHAPTER 3. Pharmaceutical Crystallization in Surface modified

cellulose nanocrystal Organogels

This chapter was adapted frapublication inJournal of Materials Chemistry.B

Banerjee\., Saraswatula S., Willows L.G., Woods H., BrettmannFBiarmaceutical
crystallization in surfacenodified nanocellulose organogeleurnal of Materials
Chemistry Bvol 6, pp. 7317%7328,2018

The primary aim of this research was to develdlose nanocrystal gel systems for
controlling polymorphism duringpharmaceutical crystallizationAs most newly
discovered APIs angoorly water solublethe gel productsieveloped in this chapter were
based in organic solventSurface modified CNCs were used to devetoganogeldo
provide a stable support for the nucleation of active pharmaceutical ingradiamster
free environmengFigure3.1).
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Enhanced solid drug product cooH COOH COOH COOH

Figure 3.1 Schematic representation of surface modified nanocellulose organogels
used for pharmaceutical crystallization
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CNCs werefirst modified using a TEMPO mediated oxidatioeaction to form
carboxylated CNCs. These carboxyl groups were then used for hydrogen bonding with
octadecylamine (ODA)which are long hydrocarbon chains terminated by a primary amine
on one sideto form supramolecular gels in the DMStThe goal of thischapterwas to
study the effects afomposition and preparation methods on the physical strength of the
gels. Additionally, three sulbnamide antibiotics, sulfamethoxazole, sulfapyridine, and
sulfamerazine, weraucleatedwithin the CNC oganogels to demonstrate the utility of
these gels for polymorph selectisnpharmaceutical crystallizatiomhese drugs exist in
many polymorphic and solvate forms, making them excellent model comptamithe

design of a polymorpkelective crystal engeering system.

The optimized nanocellulose gels prowdda favorable environment for API
solidification into less stablerms, including the amorphous form (sulfamethoxazole) and
different polymorphs than a®ceived (sulfapyridine andulfamerazine)This chapter
shows thepotential for usingCNCs adunable gel supports foational design of materials

for controllingthe solid form of APIs.

3.1 Materials and Methods

3.1.1 Materials

CNCs were produced by the Forest Prodiwattoratory (Lot # 2014PL-CNC-064)
anddistributed by the University of Maine Process Development Center. The CNCs were
obtained as a 11.8% slurry and were fredzed prior to use. 2,2,6,betramethyil-
piperidinyloxyl free radical (TEMPO) and sulfapyridine (SP) were obtained from TCI.

Sulfarmrethoxazole (SMX) was obtained from MP Biomedicals. ODA, sodium bromide
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(NaBr), sulfamerazine (SMZ), sodium hypochlorite (NaOCI), and polyethylene imine
(PEI) were all obtained from Alfa Aesar. id&aminooctane and ethanol were obtained
from Acros OrganicsDMSO was obtained from Fisher Chemical. All of these were used

asreceived

3.1.2 Surface modificatioit TEMPO mediated oxidation:

Oxidation of CNCs was done using the procedure describgelction2.1.4 Briefly,
about 1 g of freeze dried CNCs were suspended in 150 mL water and stirred for 15 min.
TEMPO (0.035 mol/mol CNC) and NaBr (0.5 mol/mol CNC) were added and the
suspension was furtheirsed for 15 min. NaOCI (08 mol/mol CNC) containing 215%
active chlorine was added in a dropwise manner to start the oxidation procedure. The pH
of the mixture was kept between 10.5 and 11.5 with the addition of 0.5 M NaOH. The
oxidation was deemedmplete once the pH of the mixture stopped decreasing and the
reaction was terminated by adding 5 mL ethanol. Finally, the oxidized nanocellulose (O

CNC) wasdialyzed andreezedried to obtain a white powder.

3.1.3 Degree of oxidatiomharacterization

3.1.3.1 Fourier tansform infrared spectroscopy

Fourier transform infrared spectroscopy (FTWR)s used to confirm that oxidation had
occurred. FTIRs useful for identifying chemical bonds within molecules based on their
infrared absorptionThis technique sends infrareadiation througla sample andome of
it is absorbed based on the chemical bonds present within the sample. The absorbed energy

is related to the vibrational energy of different bgnaich can be used to obtain a
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molecular fingerprint of the sample, @isfor identifying different functional groups in a
sample.In this thesis, é8himadzu FTIR was usedith an attenuated total reflectance
(ATR) sample holder. ATR allows easy measuring of solid and liquid samples directly
without the need for additional sample preparat®h0 mg of sample was placed on the
ATR crystal andan FTIR spectrum was measureetween 408000 cmt. Oxidation
provides carboxyl groups on the surface of the CNCs, wpioduces a carbonyl C=0
peak between 1600700 cm'. Prior to oxidation, no peaks are observed in this range and
post oxidation,a peak appears at around 1610'gcmattributed to the salt form of

carboylated CNC*9:81.211

3.1.3.2 Conductimetric titrations

The degree of oxidation was quantitatively measured using conductimetric titrations
based on thprocedure described in sectgdh1.3.5and2.1.4 Briefly, approximately 50
mg of the freezalried GCNC was suspended in 50 mL water and stirred. 2 mL of 0.1 M
HCI was added to the suspension to obtain the carboxylic acid forrCNQ Ths was
titrated against 0.1 M NaOH arietjuation2.4 was used to calculate the amountthod

carboxyl group, which corresponds to the degree of oxidation.

3.1.4 Cellulose nanocrystal organogel formation

Supramolecular gels were formed by mixprgscribed amounts of-ONC and ODA
with DMSO, vortexing for 30 sec and sonicating in a bath at room temperature for 10 min.
The mixtures were then heated to 70 t o
cooled to initiate gelation. A variety of dgifent mixing and cooling conditions were used

to optimize the gelation and all samples are listefijgpendix Table Al
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3.1.5 Incorporation of pharmaceuticals:

The three sulfonamide antibiotics, sulfamethoxaZ8kIX), sulfapyridine(SP) and
sulfamerazing SMZ) (concentrations ranging from D0 mg/mL) were added to the
mixture in the network formation step after the ODA andCRC had been properly
dissolved and dispersed into DMSO. The mixtures were then heated and cooled similarly

to the gels without APIs ithem.

In order to run certain characterization tests, the samples (with and without APIs) were
dried overnight at 60 under vacuum. The

as a mixture of dried powders{CNC, ODA, and API).

3.1.6 Characterization of gl strength

3.1.6.1 Inversion tests

Gelation was confirmed using an inversion test, where samples are turneddguside
and observed. They are considered to be gels if they remain intact and considered to be
liquids if they flow under their own weight®2?The gels weréverted and shaken at 400
RPM using a Thermo Fisher Max Q shaladetermine the gel strengthhe time required
for them to degel and flow was measured and used as a quantitative indication of the

strength of the gel.

3.1.6.2 Rheoloy

Rheology wasised to study the strength of the gels as descrilfgeaton2.1.6 These

studies were performeasing aTA Instruments DiscoverjHybrid RheometeB. In this
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chapter, the strength of the organogels were measuring usingssteess experiments
40 mm diameter plate and a 2° cgeometry were use@. mL of each gel was analyzed
at a gap of 53 mm at 25°C. Stress sweep experiments were perforanfedcatency of 1

Hz with the stress ranging from 0.1 to 1000 Pa.

3.1.7 Pharmaceutical characterization

3.1.7.1 Differential scanning calorimetry

Differential scanning calorimetry (DS®as used to analyze the thermal profibés
the pharmaceuticals. Thaalyticalmethod measures thamount ofheatenergy needed
to increasehe temperature of a sample in comparisoa teferenceAn empty reference
pan and a pan containing the pharmaceutical saanpleeateldooledat the same rate and
the difference in heat flowas a function of temperaturare used to determinphase
transitions in the material, such as meltengd glass transitionsn this chaptey DSC
studies weregperformed on a Mettler Toledo DSC .3Recovered APIs from the CNC
organogels andisreceived materials were dl e at ed at 10-35fnion f r on

determine the melting temperatures of the APIs.

3.1.7.2 Thamogravimetric analysis

Thermogravimetric analysis (TGA) was used to analyze thermal degradation of the
pharmaceuticals. This method mon#tdhe weight of a sample as heat is applied andit
enables the determination phase transitionand material decompositioA sample is
added to a preveighed pan and the mass is measured over time as the temperature is

changed. In this thesis, TGAuslieswere performed using a Mettler Toled&GA/DSC
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3+.Sampl es were placed in alumina pans and

a nitrogen atmosphere.

3.1.7.3 X-ray diffraction

The basics oKRD were described in sectidhl1.3.3 For this chapter, XRD analysis
was used to determine the crystal structure of the APIs recovered from the CNC
organogelsDried gel samples containing ARlere placed on zefbackground sample
holdersand scans were performed between 40° using a 1/16° anficatter slit and a
0.04 radian soller slitAs-received materials were also tested for refereamoesimulated
XRD peak patterns for each of the difént polymorphs of thérugswere obtained from
the CambridgeCrystallographic Data CentdCCDC). In this thesis, these simulated
patterns were used to comp#re experimentally recovered drugs toitteal peak patterns

for each polymorph.

3.1.7.4 Optical micoscopy

In this thesis, a LEICA DMi8 microscope was used for optical microscopy to obtain
images of the APIs recovered from the CNC organogedssmission modevhich passes
light through the sample and intbe lens was usednd samples were placed atsia

bright backgroundo createstark contrasand distinguish features more easily

3.1.7.5 Drug dissolution studies

Drug dissolution studies were performed to determate and maxium extent dfug
release This analysis method measures the amount of drug dissolved suioiteon at

certain timeintervals. In the pharmaceutical industry, these measurementased to
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determine the release profile of drieged are important to determine the bioavailability o
the drug(as shown irFFigure1.12). For most APIsthere are dissolution testing standards
set forth by the US Pharmacopéhiat provide important indrmation such as appropriate
testing solventas well as testing conditionsvhich were taken into account when

performing the dissolution studies in this thesis.

In this chapterdried gelsamples containing 8.3 mg APl were added to 100 mL of
0.01M HCI (used to simulatthumanstomach acid conditionspliquots were taken at
specific time intervalaip to 10 hours. These aliquots were analyzed using a Beckman

Coulter DU 800 UWVis Spectrophotometer between 200 and 400 nm.

UV-Vis spectroscopyneasures thenaount of light absorbed by a sampiehich is
related to the concentration of the sample. When liglsth@ne onto a sample and is
absorbedthe molecules in the sample transition from the ground to the excitedT$tate.
amount of energy needed for thiartsition is specific to each molecule and this principle
can be used to quantify the amounspécific molecules in the samplgheabsorbance of
a sample can be directly relatedtih@ concentration of the molecule in the sample using

the BeerLambert hw shown irEquation3.1.
0 - 0w Equation3.1

A is the absorbance obtained fromtheWV s spectrometer, O i s
of the sample, | is thpath length of the light, and c is the concentration of the molecule.
Absorptivity is an inherent property of any material and refers to how strarigly g ht 6 s
intensity is reduced as it travels through a samiie. wavelength of absorption for each

molecule can be determined using standard solutiddditionally, a calibration curve
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usingknown concatrationsof a molecule can be used to deterntimeabsorptivityof a

materialas a function of the concentratiohunknown.

In this chapterthe wavelength of absorption for each d(8¥1X, SP, or SMZand
calibration curvewere measuredising standards ranging from 0.006 mg/mL to 0.03
mg/mL. The disslution measurements were taken at the wavelelgtd in the USP
standard fo6EMX and SP andt the wavelength of maximum absorption for S@B5 nm

for SMX, 240 nm for SP, and 255 nm for SMZ 2*°,

Physical mixtures were made bgmbining 30 mg of @CNC, 90 mg of ODA, and 600
mg of each API. This was done to determine whether the gelation anghags
crystallization produced APIs with different dissolution behavior than a physical mixture
of the same components. These mixturesenground together with a mortar and pestle

before performing the same dissolution studies as above.

3.2 Results

3.2.1 Nanocellulose Gels

CNCs were modified using TEMPO oxidation to produce a surface containing carboxyl
groups (GCNC). In this study, these werket terminal surface modifications, however
further functionalization is straightforward with this base surface to work from. Oxidation
of the CNCs can be confirmed qualitatively using FTHRyure 3.2A demonstrates the
appearance of a strong C=0 peak after oxidation at 16000 This corresponds to the
carboxyl group on the @NC in its sodium salt form. As the molar ratio of the oxidant

(NaOCl) to the CIC is increased, there is an increase in the degree of oxidation, seen as
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an increase in the peak height at 1600 '@n the ratio is increased from 0.2 moles of
NaOCI per mole of CNC (blue) to 5 moles of NaOCI per mole of CNC (brown). The degree
of oxidation can also be measured quantitatively using conductimetric titrations. The
degree of oxidation depends on the molar ratio of the oxidant used and, for CNCs, reaches
a maximum at approximately 30% conversiori @H toi COOH groups Figure 3.2B).

This limit arises from the accessibility of the OH groups in the CNCs, as only hydroxyls at
the surface (as opposed to inside the crystal bulk) camdméfied by the oxidation

reaction®!
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Figure 3.2 Oxidation of nanocellulose characterized viaA. FTIR and
B. conductimetric titrations. FTIR shows the appearance of the C=0 peak at ~1650
cml, which increases with molar ratio of oxidant to CNC. B: Conductometric
titrations show that the degree of oxidation plateaus around 27%

Prior to preparing organogels containing APIs, we identified the conditions under
which nanocellulose organogels form and how thixing procedures and mixture
components influence gel formation and stability. Two gel preparation parameters were
tested, the order of mixing and the cooling method, and three different mixture component
contributions were examined, the ratio of ODA teCQIC, the concentration of-GNC

and the degree of oxidation of©NC. All five were found to impact the formation of the
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gels and the gel strength, and an optimal procedure and mixture were identified for use

with APIs.

At low concentrations of @NC (3 ng/mL) and ODA (5 mg/mL), the mixtures did
not pass the inversion test and, though they appeared gelled #ielmixture turned into
a liquid once it was returned to room temperature. Visible gels formed onceGNCO
concentration reached 5 mg/mL and ®bBoncentrations were at 10 mg/mL. However,
gelation was only possible once the concentration of ODA was more than twice that of O
CNC (Figure3.3B-E versus A). We examined the influence of the ratio €ZiC to ODA
across many €NC concentrations and found that, at a 1:1 ratio-@NC to ODA, no
gelation was observed regardless ofdbecentration of each component. However, once
the ODA concentration is at least double that e€RC, gelation was observed at as low
as 5 mg/mL GCNC. The gels continue to form as ODA is added beyond the 2:1 ratio
(increasing the ratio of ODA to-ONC), but decreases again once the concentration of
ODA in the mixture exceeds the solubility of ODA in DMSO (32 mg/mL), thus a 3:1

ODA:O-CNC ratio was selected as an optimal ratio for studies with the APIs.
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Figure 3.3 Nanocellulose organogels with 10 mg/mL €@NC and increasing
concentrations of ODA (A. 10 mg/mL, B. 20 mg/mL, C. 30 mg/mL, D. 40 mg/mL, E.
50 mg/mL). Samples have been inverted to determine which ones formed gels.

An initial observation of the getrength can be performed using simple shaking tests,
where the strength of the gel is correlated to thgelieng under disruptive forces. The
gels are shaken at 450 RPM and the time at which the gel becomes a liquid and flows from
the top of the vial isaken as the degelling timagpendixA i Figure A1 Nanocellulose
organogels with 10 mg/mL-@NC and increasing concentrations of ODA after shaking at
450 rpm for 6 min. (A. 20 mg/mL, B. 30 mg/mL, C. 40 mg/mL, D. 50 mg/mL) and
organogels with 10 mg/mL-@NC and increasing concentrations of ODA after stgakin

450 rpm for 15 min. (E. 20 mg/mL, F. 30 mg/mL, G. 40 mg/mL, H. 50 mgfigye A).

The gel strength can be more precisely examined using rheology, where the strength of
t he gel is determined from t heFigard3ad)tA pl at e:
h i g h ealue i@ the plateau region indicates a stronger gel. As the amount of ODA in
the sample was increased from 10 mg/mL to 50 mg/mL, there was first an increase in the
gel strengthfollowed by a decrease at 50 mg/mL. From 10 mg/mL to 40 mg/mL the
increase in gel strength is as expected due to the increase in the amount of crosslinking

agent, ODA, which leads to additional physical associations between nanocellulose
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particles. The ODAadsorbs at one end onto the nanocellulose surface through interactions
of the ODA amine groups with the-ONC carboxyl groups. The ODA hydrocarbon tails
interact via solvophobic interactions and drive formation of a stiff gel. At the highest ODA
concentréon, the gel strength decreases, likely due to undissolved, aggregated ODA
disrupting the network. These rheological tests provide a precise view of the gel strength
and differentiation between the different samples and the results are consistent with the
simple shaking test&\ppendixA 1 Figure A). While there is a significant difference when
increasing from 10 mg/mL ODA to 30 mg/mL ODA, the additiosrength when
increasing to 40 mg/mL is very minimal, so we select a ratio of 3:1 OBZNQG by weight

(10 mg/mL OCNC and 30 mg/mL ODA)) as the optimal ratio for the gels.
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Figure 3.4 Storage modulus as a function of oscillation stress for nanocellulose
organogels with increasing concentrations of ODA and 10 mg/mL of @GNC (O-
CNC:ODA mg/mL in legend)

In addition to the ratio of ODA to @NC and amount of OB in the gels, the
concentration of @CNCs dispersed in DMSO influences the gel strenfidufe 3.5). At

low concentrations of @NC, the gels are weak and they strengthen at highéNO
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concentrations. A maximum dispersion ofGDIC in DMSO is observed around 50
mg/mL, at which point the @NCs aggregate and settle and are no longer part of the
suspension where gelation occurs. While keeping a 3:1 ratio of ODAONQ identified

as sufficient for gelation as discussed above, the amouniCGiO© was increased and an
increase in gel strengtlias seen until 30 mg/mL-ONC. Upon shaking gels with these

same concentrations, a similar pattern was obseAgoehdix AT Figure A2).
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Figure 3.5 Storagemodulus as a function of oscillation stress for increasing @NC
concentration and constant ODA to GCNC ratio of 3:1. (Amount of O-CNC
(mg/mL) is indicated in the legend)

The degree of oxidation ¢fie nanocellulose was also found to be an important factor
in the strength of the gels. This is due to the number of carboxylate groups that are available
for network formation as the ODA is added. Only shaking tests were performed to compare
the degree obxidation since these provided sufficiently consistent data and agreement
with the rheological studies. At a low degree of oxidation (0.15), the gelation was disrupted
three times earlier upon shaking than with a degree of oxidation of A@@ridix AT

Figure A3 and Figure A.4). While all the gels made with-ONC with a degree of
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oxidation of 0.15 degelled by 4 min, the gels containingNXIC with a degree of oxidation

of 0.30 remained gelled for up to 15 min for the 3:1 ratio.

The complexity of the multicomponent system meethat the order of mixing may also
be important to gel formation. There are three potential methods: 1) dispersicdNEC®
in DMSO followed by addition of ODA powder, 2) dissolution of ODA in DMSO followed
by addition of QCNC powder, and 3) dissolutiof ODA in DMSO and dispersion of-O
CNC in DMSO followed by mixing of the two
room temperature DMSO, it is difficult to dissolve afteONCs are in solution, so method
(1) resulted in insoluble ODA and poor geB&CNCs disperse well in DMSO whether
ODA is present or not, so method (2) produced good gels. This method also enabled ODA
to interact with the @CNCs as they were being wet by the DMSO, increasing the area of
interaction and improving gel strength. Meth(@) showed similar results to (2), so method

(2) was chosen as the main mixing technique.

Finally, the gel formation is also sensitive to heating and cooling conditions. For all
samples, the mixtures were heated toC7@ disrupt the initial hydrogen hds and
promote homogeneous mixing. They were vortexed for 15 sec and then subjected to
cooling to room temperature or below. Rapid cooling via quenching in an ice bath, did not
result in formation of strong gels. This is because the structure was frdpeplace

without leaving flexibility for the ODA chains to arrange and form networks. The freezing
point of DMSO is 19C, so cooling to ice bath temperatures freezes the entire structure. A
slower cool to 4C in a refrigerator produces strong gels thahaim gelled at room

temperature. Though this also results in frozen DMSO during gelling, the speed of cooling
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is slower and ODA is able to rearrange and form networks prior to DMSO freezing. While
it avoids the DMSO freezing complication, cooling diredtdyroom temperature is too

slow and results in aggregation of@NCs and settling of the particle aggregates. In
comparing the 3:1 ODA:@NC for each of the three cooling procedures, the slow cooled
gel degelled the fastest at 2 min followed by the quemtlyel at 10 min, and the
refrigerated gel stayed gelled the longest and was disrupted after 15 min of shaking. The
gel formation, though enhanced by DMSO freezing, is not solely caused by the freezing of
the solvent. Gel formation did not occur forGNC without ODA or for OCNC with other
amines, such as diaminooctane and polyethyleneinippgndix AT Figure A5 and

Figure A6). The DMSO acts as a gelation promotor for thR€C/ODA network, but is

not the sole contributor to gel formati on.

for forming O-CNC gels in DMSO.

Following these studies on nanocellulose organogel formation, we determined that a
standard gel system with a degree of oxidation of 0.30, 10 mg/faNO, 30mg/mL
ODA, a mixing order of dissolution of ODA in DMSO followed by additidnGeCNC
powder and slow cooling to 4 is an appropriate starting system for incorporation of APIs

into the gelsA summary of the parameters in presente@idhle3.1.
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Table 3.1 Summary of factors affecting CNC organogel strenght, the effect it has on
the gel,and the optimizedamount for each factor that is used for the investigation
involving incorporation of APIs into the gels

Factor tested Effects Optimized

Degree of CNC oxidation  Stronger gel with increase 30%

Stronger gel upto ODA

ODA to O-CNC ratio AL 31
solubility limit
O-CNC amount Stronger gel with increase 10 mg/mL
L Stronger gel with better
Mixing order ODA dissolution in DMSO ODAA O-CNC
Allow for ODA chain
Cooling method rearrangement w/o-GNC Cool at £4C in fridge

aggregation

3.2.2 Incorporation of APIs into nanocellulose gels

APIs, in concentrations ranging from -500mg/mL, were incorporated into the
nanocellulose organogels by dissolving them in the DMS@NT, and ODA mixture,
heating to 70 to thoroughly mix the mater]
the namcellulose gels without APIs. The gels were then returned to room temperature for
observation. The APIs incorporated into the nanocellulose gels were dried and

characterized using DSC and XRD.

When APIs are incorporated into the gels, they show diveiset®bn the gel strength
(Figure3.6). Rheological studies of API loaded gels indicate that inclusion of API disrupts
network formation and decreasde tgel strength as seen by a decrease in the storage
moduli in the plateau region for SP (yellow triangles) and SMX (green diamonds) in
comparison to the gel without any loaded drug (purple circles). This weakening of the gel
was also observed in shakirggts performed on the API incorporated gAlspendix Al

FigureA.7), where SP degels the fastest at 2 min and SMX behaves similarly to the drug
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free gels, breaking after 10 min of shaking. This is likely due to API crystals collecting in
the solvophobic chagof the ODA, causing a disruption in the network. For the case of
SMX, as higher amounts of APl were added, the degelation time in the shaking tests was
also faster Appendix A - Figure A8), which is not the case for the drirge gels,
indicating that, similar to SP, SMX also disrupts the gel network, but requires higher
concentrations. The SMZ, however, strengthens the netwigre3.6, blue squarésand

the gel does not break until 20 min of shakiAggendix AT FigureA.7. D, H). This is

likely due to favorable interactions between the drug and the-linéss molecules of

ODA, resulting in a stiffer gel.
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Figure 3.6 Storagemodulus as a function of oscillation stress of gels containing 10
mg/mL O-CNC, 30 mg/mL ODA, and 200 mg/mL of SMZ (blue squares), SMX
(green diamonds), and SP (yellow triangles); purple contains no API

3.2.2.1 Sulfamethoxazole (SMX) solid form
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Figure 3.7A. DSC thermograms and B. XRD powder patterns oO-CNCs (pink),
ODA (red), asreceived SMX (green), and SMX fromdried gels (blue)

Theasr ecei ved SMX showed a melting peak on
liter at ure of SMX form | aRigdre3l7A).102%FHeie ésstan me | t
exotherm observed starting -r@deive@ SMX, whish t h a
arises due to the oxidation of the byproducts resulting from heating SMX. This was
confirmed using therogravimetric analysis (TGA¥hown inFigure 3.8, green curvé*®
SMX recovered from the dried gel did not show a melting peak, indicating that the API in
the gel was not in a crystalline formigure3.7A, blue curveg. There is a small endotherm
at 55 , which corresponds toroexatnerinbfthegvXof t h
at 272 is still present, however, i ndi cat
likely in its amorphous form. The only other component within the gels is {G&CO,
which shows decomposi t i onatageanaigndicari emparede n 2 2 |

to those from the SMX.
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Figure 3.8. TGA of asreceived SMX (green) showing decomposition starting at

225 and additional degradation occurringat273 and t he SMX DMSO

(red) with decomposition startd.

XRD was performed on each individual component of the gel, the commercially
available APIs, as well as on the dried gels to determine tlséatstructure of each and
note any major changes in the crystal structure of the APl polymofiesresulting
powder patterns are shownkigure3.7B. The XRD data for the dried gel was missing a
bulk of the major peaks seen on theeseived SMX, especially obvious betweérafid
21°. Peaks were seen from ODA at 2lafid OCNC at 27.7and 32 and only minor peaks
were seen outside of those regions, indicating that the API was primarily amorphous in the
dried gel. The recovered API powder pattern was further analyzed against the simulated
XRD powder patterns available for all the different podyphs of the SMX, obtained from
the Cambridge Crystallography Data Centre (CCHRure3.9). In comparing the other
polymorphs to the dried gel commiang SMX, none of them showed significant similarities
to the minor peaks at lowtketa for the SMX in the gel§igure3.7B, blue curve), further

indicating that the API within the gel was primarily amorphous.
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Figure 3.9 Powder XRD Patternsof A. asreceivedSMX, C. polymorph | or Il
(SLFNMBO04), C. polymorph Il (SLFNMBO05), D. polymorph IV (SLFNMBO06) and
E. recovered SMX from gel

The SMX obtained from the gel was also compared with SMX crystallized from DMSO
as well as SMX crystallized from an OBBMSO mixture. SMX forms a solvate with
DMSO as noted by the appearance of a pedite DSC Figure3.10A) at 104 , r el
to the desolvation temperature. A melting peak is no longer observed since the solvate
starts degrading imndéately after, as seen in the TGA curtAgre3.8, red curvgéwhere
mass | oss is seen starting at -DMB8@miGure. The
does not show a distinct melting peak. Instead, there is a broad peak, which could be due
to some interactions between the ODA and the SMX. The XRD patterns for Fingse (
3.10B) show a number of peaks for both of these SMX samples. The peaks from these line
up very closely, indicating that the SMX from the OIDMSO mixture and the SMX from
DMSO are both similar in crystal structure. Importantly, thenfof the SMX crystallized
in DMSO and ODADMSO is different from that crystallized from the nanocellulose gels,

which was primarily amorphous.
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Figure 3.10A. DSC Thermograms and BXRD powder patterns for SMX obtained
from OCNC-ODA gels(blue), asreceived SMX from MP Biomedicals (green)
obtained from the ODA-DMSO mixture (black), and obtained from a

supersaturated DMSO solution(red)

3.2.2.2 Sulfapyridine (SP) solid form
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Figure 3.11A. DSC thermograms and B. XRD powder patterns 0D-CNCs (pink),
ODA (red), asreceived SP (green)and SP recovered fromdried gel (blue)

SP was similarly added to the organogels in concentrations ranging frong/Bil to

300 mg/mL. The recovered SP from the dried gel showed a similar melting temperature to

theasr ecei ved
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the ODA since there is a mixture of ODA;@NC, and SP present upon drying. This
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melting temperature points to the API being in form |, which is the stable polymorph at
room temperature. It has been noted that most other forms (ll, I, 1V, and V) all slowly
change to phase | when left at room temperature. The melting points for the atier fo
are 181 , 179 , 174 176 a rfad forms IT, 1ll, and IV, V, and VI
respectivel\’!’?*Many of these are so close that it is difficult to distinguish, so further

analysis via XRD was critical.
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Figure 3.12 Powder XRD Patterns for SPA. polymorph Il (BEWKUJ11), B.
polymorph 11l (BEWKUJ), C. polymorph IV (BEWKUJO05), D. polymorph V
(BBEWKUJ13) and E. recovered SP from gelF. SP from ODA-DMSO mixture, G.
SP from DMSO

XRD analysis for SP does nftlly agree with the observation that the polymorph is
the same as agceived, form |. The recovered SP in the dried gel is compared to-the as
received SP irigure3.11B. The peaks present in theraseived SP, which correspond to
form | based on DSC analysis, are also present in the dried gel, as are the peaks

corresponding to ODA and-ONC. However, there are significantly more peaks than can
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be accouated for by these thremmmponentsThe powder pattern for the SP from the dried

gel was also compared to the powder XRD patterns of the various forms of SP obtained
from the CCDC and it was noted that the product was in fact a combination of the various
polymorphs Figure3.12). The recovered API appears to be a mixture of polymorphs I, IlI
and V since most of the peaks line up with these forms. By parfgrcrystallization in a
confined gel with sites for heterogeneous nucleation, we get a mixture of polymorphs,
rather than only the most stable polymotpFurther refinement of the nanocellulose

surface and gel environment may allow more precise twfitiie polymorph.
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Figure 3.13A. DSC Thermograms and B. XRD powder patterns foISP obtained
from OCNC-ODA gels (blue), asreceivedSP (green) obtained from the ODA
DMSO mixture (black), and obtainedfrom a supersaturated DMSO solution (red)

SP was also crystallized out of DMSO and an GDMSO mixture. Out of DMSO,
SP was obtained as a solvate withFigam onse
313d)) . The sample starts to degrade after de
analysis Figure3.14) and therefore does not show a melting peak. The melting peak of the
SP from the ODADMSO mi xture has an onset at 181
temperatures for the @sceived SP. The XRD data for these SP samples are shown in

Figure3.12 andFigure 3.13B. From the powder patterns, we see that the SP crystallized
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from DMSO solvate is most closely related to polymorph Il and shows some similarities
to the agreceived SP, while the SP from th®®-DMSO mixture is mostly polymorph
lll. As with the SMX, neither of these are the same mixture of forms as the SP crystallized

from the gel.
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Figure 3.14TGAof SP sol vate showing decomp
dd

osSi ti
a itional degradation at 252.9

3.2.2.3 Sulfamerazine (SMZ) solid form

SMZ was added to the organogels during the network formation step. The DSC
thermogram of the asceived SMZ from Alfa AesaF{gure3.15A, green curve) showed
a melting peak at 234 , which is attribute
peak at®?IrBerecovered SMZ in the dried gel showed two peaks, one from the
ODA melting at 83 and another melting peal
of a mixture of polymorphs | and Il of SMEigure3.15A, blue curve), as form Il is known
to melt at 228C.2*° Form Il has a tendency to transform to form | on heating, which
typically presents as an endotherm with an onset at betweeth 860'82?°and &

missing from both the a®ceived and the recovered SMZ. This could indicate the
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existence of polymorph Il in a stable form at higher temperatures. Due to the melting points

being close together, further analysis is necessary using XRD powder patterns.
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Figure 3.15A. DSC thermograms and B. XRD powder patterns oO-CNCs (pink),
ODA (red), asreceived SMZ (green), SMZ recovered frondried gels (blug

The asreceived SMZ was confirmed to be polymorphising the powder patterns
(Figure3.16). The recovered SMZ from the gel, however, did not fully match the powder
pattern for the aseceived SMZ FFigure3.15B). It, instead, appears to be a combination of
multiple polymorphs. Strong peaks at approximately 1@bBd 19 correspond to
polymorph 1l and are at present in the agceived material, while a strong peak at
approximately 14.8corresponds to polymorph | and is also present in theasved
material. Interestingly, the strong peak at approximately 19.6nly predicted to occur
for form P 2/c and is also clearly present in the dried gel containing SMZ. We did not
analyze the API peaks in the region ofZ® due to significant overlap with the ODA
peaks. From these results, we can conclude that the SMZ in the dried gel is not uniformly
the samepolymorph as the starting material, and instead is a mixture of multiple

polymorphs, including polymorgt and Il and potentially also R/2.
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Figure 3.16 Powder XRD Patterns for SMZ A. asreceivedSMZ, B. polymorph |
(SLFNMAO4), C. polymorph Il (SLFNMAO1), D. polymorph P 2/c (SLFNMAO3) E.
recovered SMZ from gel

SMZ was also crystallized from DMSO and a mixture of ODA and DMSO. DSC
thermogramgFigure3.17A) show that SMZ from DMSO has a melting peak with an onset
temperature of 228.2 . Though t hiregeivéeds sl i g
SMZ, the XRD powder patternF{gure 3.17B) matches the asceived almost exactly,
indicating that the DMSe&rystallized SMZ is the same polymorph as theeagived
SMZ. XRD data shows that the SMZ obtained from the GDMSO mixture was in
almost the same crystal structure as SMZ from the del. OSC showed that the onset
temperature for the melting peak of this SI
not show any polymorph transition peaks, indicating that it was very similar to the SMZ

from the gel.
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Figure 3.17A. DSC thermograms and B. XRD powder patterns for SMZ obtained
from OCNC-ODA gels (blue), asreceived SMZ (green), obtained from the ODA
DMSO mixture (black), and obtained from a supersaturated DMSO solution (red)

While the polymoph was similar, the shape of the crystals showed distinct differences.
SMZ from the ODADMSO mixture nucleated as needleaped crystals ranging between
30-100 um in size Kigure3.18A). The SMZ crystallized from the gel had a much lower

aspect ratio Kigure 3.18B), potentially due to confinement effsctrom crystallization

within the gel.

Figure 3.18 Optical microscopy images of A. SMZ crystallized from the dried ODA
DMSO mixture, and B. SMZ crystals recovered from the dried gel

3.2.2.4 Dissolutiontesting

Dissolution testing was performed on the gels prepared in this work for SMX, SP and

SMZ and the dissolution rates and extent of dissolution were compareddoeasd
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powder and a physical mixture of API:@NCs and ODA(Figure3.19). Since the API

form is different in the gels than thegxeived powder, the dissolution rates are expected
to be different, particularly for SMX, which is in thenarphous form, known to be less
thermodynamically stable. For SMX, the dissolution rate for the drug from the gels is more
gradual but ultimately ends up at the same amount as-tieeeised API and the physical
mixture Figure3.19A). This points to a sustained release of the recovered API, likely due
to particle stabilization by the ODA molecules. In water, ODA acts as a surfactant,
adsorbing to the stace of the API particles and stabilizing their dispersion in water,

slowing down dissolutiof?!:2%2

For SP, the maximum amount dissolved for the API recovered from the gel was much
lower than the aseceived and the physical mixturEigure 3.19B). This indicates that
ODA interacts more strongly with the SP molecules causing a higher level of physical
entrapment and reducing the aadédissolution. This result correlates with the decrease in
the gel network strength when SP is incorporated into the syBigaré€3.6), as the ODA

closely interacts with the SP and thedDICs no longer remain crofiaked.

The SMZ release initially occurs as a small burst but then slows down and is much
more gradual between @00 min(Figure3.19C). It reaches the same level of dissolution
as the aseceived and the physical mixture but takes almost double the amount of time.
This is again likely due tencapsulatiomy the ODA causing the drugsgiolution in HCI
to slow dowr??® Extended release of this sort presents several advantages for certain
applications such as increased drug residence within the body, allowing for increased
uptake and increased stabiltf}:>*>The difference between the physical mixture and gels

is likely due to the ODA being in intimate contact with the API in the gels, as opposed to
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present as large particles that must first themselves dissolve in water beffugeasc

surfactant for the lpysical mixture.
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Figure 3.19 Dissolution of A. SMX, B. SP, and C. SMZ from physical mixtures (red),
asreceivedpowder (blue), and drug recovered from gel (yellow). Error bars were
obtained from the standard deviation of 3 trials.

3.3 Discussion

In this work, we have shown that organogels based on surface modified nanocellulose
can be utilized to promote crystallizatiof APIs in different polymorphs than the most
stable or to prevent crystallization. Nanocellulose modified through oxidation can be
further mixed with gelation agents, such as ODA, to develop organogels by creating
physical networks in organic solvent3his is a relatively new development in
nanocellulosic materials, as a majority of studies on gels are focused on hydrogels. Here,
we focused on oxidizing nanocellulose and using an atrased surfactant as the gelation
agent to perform crystallization iDMSO. The optimization of the - GNC/ODA
organogels was done by tuning several contributing factors, including changing the
concentrations of @NC and ODA, changing the ratio of ODA te@NC, and varying
the mixing and cooling conditions for the gels. @yted conditions for gel formation
were found to be a degree of oxidation of 0.30, 10 mg/mCNZ, 30 mg/mL ODA, a

mixing order of dissolution of ODA in DMSO followed by addition o{CNC powder and
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slow cooling to 4 . Though the f oc das mabedas system, thehi s
nanocellulose surface can be modified using many other functional groups and one can
build upon these results to design a platform for organogel formation in a variety of

solvents and with many different functionalities.

APIs are mtroduced into the gel components prior to heating and cooling for gel
formation, and they are expected to incorporate into the solvophobic part of the network.
Upon recovery from the gels, it was seen that SMX was produced in an amorphous form.
SP, whichwas received in form I, was crystallized as a mixture of forms |, 11l and V, and
SMZ was received as form | but recovered as a mixture of polymorph | and Il and
potentially some transitions to form R/@ The API polymorphs from the gels are also
different than those of the drugs crystallized from DMSO and a mixture of OISO
for SMX and SP, while, though the same polymorph, the crystal shape is different for SMZ.
This indicates that the gel phase recrystallization has a significant effect on theetéictu

the recovered APIs.

An interesting observation from this study is the occurrence of polymorph mixtures for
the two APIs that crystallized in the gels. This indicates the presence of multiple
crystallization environments for the different polymorpios form, which could be
homogeneous crystallization in the bulk and heterogeneous crystallization in the gels or
different regions in the gels themselves. As nanocellulose is a natural material extracted
from wood sources, heterogeneities are common agkthould be contributing to the
formation of different zones in the gels. Furthedaepth analysis of nanocellulose sources

will provide greater insight into this phenomenon.
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Dissolution testing illuminated the success in developing a sustained rgisizse for
two of the APIs, SMX and SMZ. It was found that these APIs from the gels dissolved more
slowly but reached the same overall dissolution amount. This is likely due to the presence
of well-dispersed ODA, which acts as a surfactant that can stattikzhighly hydrophobic
API patrticles. This nanocellulose organogel system can thus be used to control the release
of APIs to create a more uniform dissolution profile, resulting in a higher overall absorption
of the drug. For SP, dissolution testing gr@ed a challenge in the selection of gelation or
crosslinking agents since SP dissolved to a lesser extent tharrdte@ed powder and a
physical mixture of APIl, @CNC and ODA. Selection of crosslinking agents thus appears
to be an important parameter moving forward with these materials for drug delivery
applications, and approaches such as chemically attaching the crosslinking agent to the

nanocellulose will be explored to overcome this limitation.

3.4 Conclusions

This study showed that it is possiliie changethe polymorph of pharmaceutical
crystals through crystallization in a surfaoedified nanocellulose gel. This is a
particularly exciting demonstration of using natural materials that are readily surface
modified to form a tailored environmemirfdrug crystallization. Building off this platform,
the nanocellulose surface and gelation agents can be rationally designed to provide
environments to specifically drive formation of chosen polymorphs in a variety of organic
solvents. This provides a prising first step in a new technology for production of
pharmaceutical crystal forms with more sustained release profiles, resulting in higher drug

uptake into the body.
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CHAPTER 4. Formation and stabilization of the metastable a form

of indomethacin within cellulose nanocrystal aerogel scaffolds

This chapter was adapted from a publicatioRl@rmaceutics

Banerjee, M.Brettmann, B.St abi | i zati on of Met astabl e |
Nanocrystal Aerogel ScaffoldBharmacetics, vol 13, issue 4pp.441, 2021

Stabilizing metastable polymorphs of drugs is an important consideration for the
pharmaceutical industry and can be achieved using surface templating to form
intermolecular bonds between a drug crystal and a surfadhis chapterwe formed
cellulose nanocrystal aerogels to use as scaffolds for crystallizing and stabilizing the
metastablé}orm of indomethacir{lM). Using cellulose nanocrystal surfaces to stabilize
drug crystals is a novel approach to rational detagrpolymorph control. The surface
chemistry of the cellulose can be used to attract specific functional groups within a drug
crystal . For i ndo mferinls amare reactivetahdecrystaestruetaré at b | e
this form can be targeted to form hgden bonds with the hydroxyl groups on CNC

surfaces.

IM is a small molecule active pharmaceutical ingredient (API) that exhibits
pol ymor phi domn beingtthe masttheermodynamically stable form of the drug.
T h e-forid is metastable but exhibitsgher dissolution activity, making it a more
attractive form for drug deliver§?®??” As with other net ast abl e Wl ymor g
undergoes interconversion to the stable form when subjected to certain stimuli, such as
solvent, heat, pH, oexposure to seed crystals of the stable f&fh©Our approach to

crystallizing and $Miavbhed nuckeatingghede brgstaleweithim st a b
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a CNC aerogel that would provide sufficient hydroxyl groups for hydrogen bonding with
the drug mtecules. These bonds along with the porous structure of the CNC aerogels can
hel p i n pr-bvitcestaisiagamst intbreonvdision when exposed to external
stimuli. A shift to aerogelérom organogelsvasmade to remove the solvent consideration,
which has an impact on bulk crystallization and ddag one of the reasons wétained
polymorph mixtures in our organogel studie€iHAPTER 3 Celluforce CNCs were used

for this chaptersince it was determinet only haveone crystal structure of cellulose

(unlike the FPECNCSs), another important factor trataffea polymorphism.

In this study,IM was crystallized into cellulosaanocrystal aerogel scaffolds as a
mi xture of the t woM pasMdCnysvaldatdandphysicalprogerties U
of these two polymorphs of IM are presentTiable 4.1.228.22° Differential scanning
calorimetry (DSC)and Raman spectrometry were used to quantitatively determine the
amount of each form. Our investiMcudben al s
stabilized within the aegel without phase transformation even in the presence of external
stimuli, i n c-IMusded orgstaldwhichtare atmeviseosufficient to induce

interconversion.
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Table 4.1 Crystal data and physical propertiesof t he U and 92 pol ym
indomethacin

IM Meltin Space Solubility in
polymorphic g P Unit cell dimensions Z, Z waterat25
temperature group R
form C
a=5.4616 + 0.0016 A
b= 25.31 + 0.009 A
- . c=18.152+0.007 A 0.8+0.01
U 152154 °C P2 U= 90° 6,3 mg/mL
b=94.38 + 0.03°
2=90°
a=0.295+0.002 A
b= 10.969 + 0.001 A
= +
o) 160161 °C Pp ¢ =9.742 £ 0.001 A 2,1 0.4 mg/mL

U=69.38 + 0.01°
b=110.79 + 0.01°
2=92.78 + 0.01°

A preliminary look into the dissolution profile tiie IM within the aerogel versus the
commer ci al HMshavedthat thee métastabde form of the drug was indeed able
to dissolvdasterindicating that CNC aerogels a@romising system for cryallizing and
stabilizing metastable drug form&/hile IM was used as a model drug in this study, these
results could be expanded to additional drugs and provide access to other metastable API
forms as well. This chapter therefore has important implicationshe production of

metastable forms of APIs.
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4.1 Materials and Methods
4.1.1 Materials

I nd o me t-form)andrace{ore were purchased from Acros Organics. Ethanol was
purchased from Decon LalSellulose nanocrystals were obtained from Celluforce as a

spraydried powder (Lot # 201509).

| ndo me t-form was preplred as describedvariousprevious studieg€®23°py
first d-i Msohvien@ganol foll owed by adding de
I M for m. T H\ crysthist weere waeudniltered out of the solution and dried

under vacuum at room t e+#\iethegpaperr e and wi | |

CNCs were washed with acetone in order to purify and improve the reproducibility of
the materials, as described GHAPTER 2 Briefly, CNC powder was suspended in
acetone and stirred for 10 minutes. The dispersion was then centrifuged at 10,000 RPM
for 10 minutes using an Eppendorf centrifud@e supernatant was removed, and the
washcentrifuge cycle was repeated twice more. The purified CNCs were left to dry in air

overnight.
4.1.2 Cellulose nanocrystal aerogel formation

CNC aerogels were made by freeze drying 1% CNC suspensions. First 1 wt% CNC
suspensions in water were probe sonicated to fully disperse the material. 5 mL samples of
the suspension were then placed into a silicone tray and the tray was put30t6Ga
freezer overnight. The frozen material was then freeze dried using a Fre&eZ arfeceze

dryer. The aerogels were hexagonal prisms with an average density of 0.01243mg/mm
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based on their size and mass. Images of the aerogels have been inclindecesults

section(Figure4.1A, B).
4.1.3 Crystallization of indomethacin within aerogels

Crystallization within CNC aerogels was obtained by drop casting IM solutions into
CNC aerogel s. Fi r s t-IMinsethédh@ was geatied 50 Cdolfulif i on o
dissolve the material. 1 mL of this solution was cast into CNC aerogels that were held
within the silicone tray to prevent liquid from leaking out. The aerogels containing the IM
solution were then placed in a fridge at 10 °C to indugstallization Finally, thesilicone
tray was placed and stored under vacuwarnightto dry off any excess ethandlhese

samples are called Wderogel in the paper.
4.1.4 Indomethacin stability testing

UIM samples were tested for stability in two ways.eOwas stability against
i nterconver si onlMserds an the spconel svas a stabilityouhdersheated
conditions. To t es tiIM pwdariamddMaeragel &anhtaining,30 3 0  mg

mg total IM content) were stored with 30 mg of-tM u watwum for up to 30 days.

To test t helMmaadlM-agrogellsampléstwgre both stored at 125 °C for
up to 96 hours in an oven. These samples were then removed from the oven and stored in

a dessicator under vacuum before testing.
4.1.5 Solid statecharacterization of indomethacin

4.1.5.1 Differential scanning calorimetry
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The basics of DSC have been describe®iin7.1 In this chapteiDSC was performed
using a Mettler Toledo DSC 3+ to determine thermal properties of the different IM
samples, including melting temperature and phase transformations. Saepdseated

at arate of 3 °C/min from 2810 °C and aseceived material was also tested for reference.

4.1.5.2 Raman spectroscopy

Raman spectroscopyas used in this chapterittentify and quantitatively determine
the amount of the U and 9 pol ynsatephhigue o f
that uses light scattering &malyze the chemical structure, polymorphema crystalline
phasesn a material sampl€? 233 This inelastic scattering technigiseused to determine
vibrational modes of moleculeé laser is shone at a sample and the laser light interacts
with molecular vibrationsvithin the material. This causes there to be energy shifts in the
light, which provides information on thegibrational modes of the materiallhe

fundamental vibrationsdiffer for pharmaceutical polymorphsallowing Raman

spectroscopy to distinguish betwebe formg?30.234.235

In this chapter, Bman spectra were collected using a Renishaw Qontor Confocal

Raman Spectrometer with a 785 nm laser and a grating of 1200 lines/mm. A 10 s exposure

time was used with the laser operating at 50% power. Speciaolércted between 1600

11750 cmt. Atef et. al. have recently shown the usefulness of Raman spectroscopy in

-

di stinguishing between the U and 49Mid or m

-

of

binary mixtures of U and ananl spectiur, theypvere i f i c

able to determine signature peaks for each form (164% cm fIM ddd 1699 critf o+ 9

IM).Z2°This method was used to quahMi aidively
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in our samples. A standard curve was first obtained&yasing binary mixtures of INU

andiIMo in distinct ratios (5:95, 25: 75, 50:

the absolute intensity of the peaks attributed to each form immediately after mixing (1649
cmtfor IM-U an dcmf ®rAN-0 ) . s clirbeiwas then used to detect quantify the
amount of each polymorphic form in our samples. Five measurements of samples from
the same batch were taken for each different mixture and drug and the average and

standard deviatiowerereported.

4.1.5.3 Optical micrscopy

Optical microscopy was used to qualitatively characterize the drug crystals within
CNC aerogels. Mrographs of the aerogels containing IM were taken using a LEICA

DMIi8 microscope in transmission mode.

4.1.5.4 Scanning electron microscopy

Scanning electromicroscopy (SEM) was used wmbservethe drug crystals that
nucleated within the aerogeSEM is a imaging technique that provides information on
surface topography, physical/crystalline structarel chemical and electrical behavior of
a material. SEM provides a much moredepth look at a material afchs much higher
magnification capabilities wimecompared to optical microscopi?:>>’SEM also presents
several advantages over TEMe primary on@f interest for this chapter is the ability to
use muchlarger sample sizesThe small sample size required for TEM would not
adequately host the agels and drug crystals that wensed in this chapteAdditionally,

sample preparation is much shorter for SEM imaging.
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In this technique, an electron beégniired ata sample from a fiel@mission gunThe
electrons penetrate the samalel produce baskattered and secondary electrons, which
are detectednd providenformationaboutthe sampleOf the most interest to this chapter
are the scondary electronsvhichget scattered from the specingnfaceand allow high
resolution imaging thus allowing identification of different pharmaceutical

polymorphs?38:239

SEM relies on electrical conductivity of sample surface®rder to obtain high
resolution imagesihe SEM imaging process bombards a specimen surface with electrons
and can build uglectrical charge on the surfaddany materials in the pharmaceutical
and biomaterial fields are not electrically conductine are ineffective as dissipating this
charge. This results in sampldseingdamagediue to overchargingndpoor contrast for
imaging Prior to imagingpoorly conductive sampldsve to beoated with a thin layer
of metalto improve charge dissipation and obtain higher contrast for better iffddres
this thesis, asputtering ofgold/palladium is deposited onto the sample surface under

vacuum conditions in order to obtain a thin (typically faw) layer of metal.

SEM imagesdn this thesisnvere taken using a Zeiss Ultra60 field emisssoanning
electron microscope at an operating voltage of 3 kV. Samples were mounted with carbon
tape on aluminum stubs and sputter coated with a Hummer 6 gold/palladium sputter coater

prior to imaging.

4.1.6 Drug dssolution studies
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Dissolution studies were perfoed to determine the drug release profile for
i ndomet hacin from within the aeformglai$ vers

technique has been described previously in Se8tibi7.5

In this chapter, thelSP paddle methoalas usedor indomethacirt?6-24-24An Agilent
708 DS Dissolution Apparatus was used with a paddle attachment rotating at 100 RPM.
DI water with a pH of 6.5 at 37 °C wasagsas the dissolution medium to simulate
intestinal fluid. Aliquots were collected at various time intervals between 30 seconds and
2 hours and an equal amount of DI water was returned to the dissolution vessel. The aliquot
samples were filtered using 0.2#8n PVDF filters and measured using an Agilent
Technologies Carg0 UV-Vis spectrometer. Measurements were taken at 318 nm. Prior
to measurements, a standard curve was prepared to determine the concentration to
absorbance ratio for dissolved IM. First acit solution was prepared by dissolving 30
mg in 900 mL of the dissolution media (DI water pH 6.5 at 37 °C). Serial dilutions were
made to obtain samples ranging in concentration fromd.83 . 3 Og/ mL .- Samp |
IM were mixed with a CNC aerogel usiagnortar and pestle in the same ratio of CNC to
IM in the IM-aerogel sample. The concentration of dissolved drug was normalized against
the original amount of drug in the sample to obtain a percentage dissolved, which has been

plotted against time.

42 Results

421 Cryst al | -IMwittiniCellnlose Nanodrystal Aerogels
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Figure 4.1A, B. Images of cellulose nanocrystal aerogels, C. Raman spectra of CNC
aerogel showing no significant peaks betweekr6031750 cm!, and D. DSC scan of
CNC aerogel showing no significant peak in the 14064 °C region

IM was dropcasted from a saturated ethanol solution directly into CNC aerogels held
within the silicone mold Kigure 4.1A, B) and the samples were cooled to induce
super sat ur-aMi adividcry®atlizeth intdJthe aerogels and can be seen in
Figure4.2. The t hi nIMnwhiehdid kaosvn ta haee allbdike morphology
due to very fast growth in one directiéf¥:2*>2*3These are clearly visible in the SEM
images Figure 4.2C, D) and appear as small fuzzy spikes in the optical micrographs
(Figure4.2A,B) .-IMorystalsare moreplatei ke and easi |l y d-i sti

form and have been circled in r&d.
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Figure 4.2 Images of Indomethacin recrystallized within CNC aerogels fromA, B.
optical microscopy;C, D. S E M .-IM tiystals grow as the easily visible thin needles
a n dIM grystals are more plate-like and have been circled in red.

Raman spectroscopy was used tomfoon the presence of the polymorphic forms of
IM using the peak at 1649 ¢hi 0 i n dNl anéitheepeaklat 1699¢chi o i ndi cat e
IM.%%° The Raman spectra for our samples are givefignre4.3. The asreceived IM
(pink) showed a sharp peak at 1699-'¢cnattributed to the benzoyl C=0O vibration,
confir mingfdrtm.whTsécestaléizeddrom water (blue) showed no peak
at 1699 crrt but a sharp peak at 1649 diwhich is attributed to the hydrogen bonded
acid C=0 stretch -efam The Mmacrgstallizedwithén the aesoget h e U

(brown) contained peaks at both 1649%camd 1699 cdi ndi cati ng t hat Db
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formswere present within the aerogé?:**A Raman spectrum of the CNC presented no

overlaps with peaks in the 164050 cm' region(Figure4.1.C).

a-IM y-IM
1649 cm! 1699 cm!
; —
z
wv
=
3
£
1600 1650 1700 1750

Raman Shift (cm™)

Figure 4.3 Raman spectra between 1500800 cm! of asreceiveda-IM crystals
(pink T with distinct benzoyl C=0 vibration peak at 1699 crrt), U-IM recrystallized
from water (blue i with distinct hydrogen bonded acid C=0 peak at 1649 cr),
andl M in aerogel showi ng (bbown)inseUimamestows cr y st

Ul M n e e d I-I¥ plateaanystalsqred circles) within CNC aerogel

Raman spectroscopy was also used to quantify the amount of each ifarmtiae

aerogel. A standard curve (dashed lin€igure4.4) was prepared using binary mixtures

of U and o9 pol ymor phs akaintehsitipdabl649 chargl 160h e r a't

cmif or each sampl e. Usi AMintheaersgel wasdeteeminedt he a

to be approximately 15 wt% * 8 wt% (indicated by the brown Kigure4.4), indicating

t hat most of the I M in -forlme aer ogel recryst
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Figure 44 Standardcurve( dashed | ine) showing ratio of

compared to weight percent of ga-forman i n t he
IM -aerogel shown using brown X and the error bar indicates standard deviation
based on 5 measurements.

DSC scans furtheronfirmed our findings that thesreceivednat er i -éMwithwa s 2
a melting temperature of 158°C, which is the onset of the sharp endotherm in the pink
curve inFigure4.5. -INDwas obtained by using ardblvent crystallization with KD out
of a saturated IM in ethanol solution. The DSC scan of this sarRgaré 4.5, blue)
showed a melting endotherm with an onset at 147°C, which has been documented as the
UM melting temperature in literatufé’?2° A small peak with an onset temperature of
159°C was also observed in this scan indicating the pgegen o f a s malM | amou
in the sample. This i s -laM ttrofdtuldieetddetting | nt er
and suggests t her maiformsmee tha toom temperatue Ramarh e o f
spectrum of this samp(&igure4.3, bluecurve s howed nolMplheasragelc e of
again contained evidence of both IM polymorphs as seen from the two endotherms in the

brown curve above. The peak with onset at
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with onset at 158°C is attributedtceth o f or m. A DSC t her mogram

has been included iFigure4.1D and shows no peaks in the I0R00°C region that could

be obscuring thdata from IM.

Exo
—

W IM-aerogel

T oM

........................

100 120 140 160 180 200
Temperature (°C)

Heat Flow (mW)

Figure 4.5 DSC thermogramsof IM samplesasreceiveda-IM (pink), recrystallized
UIM (blue), and IM recrystallized within aerogel (brown)

Dissolution studies were performed to comparedikeolution behavior of IM in the
aerogel to the aeceived materialHigure4.6). The dissolution was run for 2 hours and
showed that the IMierogel amples have a faster dissolution reaching 100% dissolution

at 90 mi nut es. -IMnsamplesmyera tessdham90% tidsavedoat 90

minutes and reached 98% dissolution at 120 minutes.
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Figure4.6Di ssol ut i o AM mixed With CNCsaeragdl as@xcipient (pink)
and IM -aerogel sample (brown) in DI water at 37 °C

4.2.2 UM stabilized in CNC aerogels at high temperature thermal holds

As seen irFigure4.5, -INDundergoes interconversion at elevated temperatures and
so we further studied the effect of the CNC aerogel on this transformation using thermal
hol ds. S dhhgowdersanddvifaerael were held at 125 °C for up to 96 hours
and DSC scans were performed to study any thermal effects on the materials.
Il nterconversion wlhl powdebssmeptesHiguded. iAhevidehcedby h e U
the exotherm between 1853 °C, indicated by the red circles. This exotherm is attributed
to the r ecr yMand dobsinatagpeaoim theolderogel samplesigure
47B) , even after 96 hours a-Mcrystab wihi€the Thi s

aerogel r efonra, ipatentially due to stabilization by the CNC aerogel.
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Figure 4.7 DSC scans after thermally holding A. aM and B. IM -aerogel samples at
125 °C for up to 96 hours. Red circles indicate the recrystallization exotherm seen
f o rIM ddmples

4.2.3 UM stabilizedinCNGaer ogel s i n -IMseedcpystadssence of 9

As seen in the micrographs Figure 4.2, both U and o for ms
crystallized within the aerogel; however, the stability of the metastable form needs to be
further understood. Impurity crystals have been shown to cause interconversion of
metastable drug forms, making them difficuit attain during production and less
effective. The first part of this study sh
CNC aerogels without interconversi dw, but
crystals can act as impurities or gegs for interconversion and thus we investigate the

stabi HiM ywiafhilh the CNC aedMseglerystals.n t he pr e:s

Raman spectroscopy was usedMwitbtimadvaerur e tr
stored in t-IMseepcrye a k s ¢ e a o-IMpbwder wanhsitibonbdeto the
0 form within one day. This i s FawaedfAg.nt i n
Initiallyno -l1oM peak was oelbM esravmepd ei,n btuhte-IMdeeds, st or

a sharp peak appeared at 1699'cm Usi ng t he st andalMihtheur ve,
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sample after 1 day was determined to be 75 wt% + 11 Wigure 4.8C, red X). A

ma X i

mum oM E@¥% de

at t r ilMseddsesohce they arte im presant d e d

in the sample being tested; however, the excess 25 % is due to therphsfEenhation

occurring within the material.
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IM, B. IM -aerogel,and CWe i g h't
and IM -aerogel (green X) calculated using the standard curve. An average weight
percent was obtained using measurements from different parts of the mixture. The

error bars in C) are derived from the stardard deviation of 5 measurements

In contrast, when the IM er o g e |

1700 1750 0 25
(em?)

of

50

75 100

Weight % y-IM in sample

| MIMseedsfor 24 sours:tAb-r e d

p efr @rem t i -ivl Bamiple (red X)

sampl e-IMnsaesl crystalg hitte d

change in the Raman peaks was obserkegli(e4.8B). Since individual crystals could

be

in the

monitored

using

at 1699 crrt. An average of thelwo | e

t he Raman

mi x ed

s alvhgignagure pdakat 1640 cm e mai n's

sampl e

mi M coystadso p e ,
st r -dvhpgak r

wa s

-used

w

Wi

IM and was found to be 51% + 4%. This indicates that the added seed crystals are the only

2-IM in the aerogel mixtureHigure4.8C,g r e e n

50 %

The

effect

of

X)

ofl M hter ath s fldvr daid ithag @ he

s a meM dystdlaa y

I nIMpawdet, wheere t  t

s h dM traasformationmnas also studiedsusing n

Raman spetroscopy. Raman spectra were taken at specific time intervals after adding the
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>l M seeds tlMandtioetiMa etrhoegell sampl es alMdsat he pe
function of time are shown iRigure4.9. THeM @Il most i mmediately
form in the sample. As noted previously, 5
I M seeds since we adfdm;dowaver, tleeqddendl 106bavass o f t
due to the interconversion effects. Over the next three hours, additional interconversion
takes pl ace a-ivdn thelsanplainteasestto 76% at 24 hours. The IM
aerogel sampl e s h o-fersn foaup to 24 lourssem efteroséedirig0 % o

i ndicating t hdM seedrerysyals ard mreseatdaddend interconversion is

taking place in this sample.

* «-IM ¢ [IM-aerogel
100
90
s0 L 75% y-form in
o-IM sample
707 after 24 hrs
o 19
£ 60
E 50 T v o oo MR — }-
o 50% expected y-form without interconversion in a-1M sample
R 40F 50% y-form in
30 | IM-aerogel
20 | after 24 hrs
10 F
0
0 200 400 600 800 1000 1200 1400

Time lapsed after Gamma seeds added (min)

Figure49% M i n the samples as a 4dMiseedt i on of
cr yst aW ged)tand IMJ-aerogel (green) samples. The black line represents
the 50% mar k, whi ch widanmodntfiore adding ¢he seedx i mu m
crystals.

These results show thath e me t-aBt mdbweée W i s not s-table

I M seeds and undergoes i nterconversion t
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pol ymor pliinthd @GN adlogels, on the other hand, does not show significant
transformation and remainsabilized within the aerogel structure at room temperature,

even in thdMgseedergsela.ce of 0
4.3 Discussion

Based on the microscopy | mhiNesiMiwabe cry.
confirmed within the CNC aerogels. Raman spectroscopy wastodedher evaluate
these aerogel systems and it wa-formovahmf i r med
the aerogel wi t h fooxd m. 1BMe Nn B ebaetiforogn 2o f  t
could be promoted in part due to the inherent moisture conithiih CNCs. As water is
anantis ol vedtM,f drheU moi sture i n CNC®rmewidhin f or ce
the aeroget*® This metastable polymorph formation could also be due to the formation of
hydr ogen -IMwith theshydvokyl gtbup on the CNC surfaceBifure4.10). The
o-form of IM contains a strongly bonded carboxylic acid dimer within the crystal lattice.
T h efortd contains &ydrogen bonded trimer where one of the carboxylic acid groups is
bonded to an adjacent amide carbonyl group. Several studies have looked at the molecular
conf ormations of these two pol yrMismpdies of i
reactive. Thiss due to a combination of accessibility of carboxyl groups within the lattice,
bond lengths between the dimers and trimers, and the number of different possible
conformations of the two different form€:24247 The carboxyl group that hydrogen
bondsto the amide group in the trimer is more accessible for hydrogen bonding with the
hydroxyl group on the CNC surface than carboxyl groups patrticipating in the hydrogen
bonded di mer. T h4M from gebulose Indnofizea suifaces has heenU

repated previously by Gao et. al. They also suggested that the hydrogen bonding between
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the IM carboxyl group and the cellulose hydroxyl group was the primary driving force for

this interactiorf*®

B.y-IM

Figure 4.10 Crystal orientations showing the hydrogen bonding (dashed lines)
bet weeihoAm &4fodn oBindonwethacin. Both forms contain a strongly
bonded di mer between two c-formlalsoxcygntainscanaci d ¢
additional hydrogen bond between a carboxyl group and an adjacent amide
carbonyl group

Whil e the hydrogen boelMdcrucigl tolceydtalizatomof CNC  a
the metastable phase, the dissolution studies showed thagridgel is able to achieve
faster di s s oHomnt CNCs are dispensiblé ih watep and the CNC aerogel
net works can be easil vy dt#Marystadsfrerd withiythewat er .
aerogel can be accessed and dissolved once the CNC aerogel is broken down in the
simulated intestinal fluid. This network disruption also breaks the hydrogen bonding with

thd M0 and does not seem to affect the cryst

Our current i nvesti gat i dMv witlin tsecaeragdélsoiwvwe d t h
contr dsvt ptoovdér t hat wunder wermivhen siotedundeo nv e r <

heat or i n -iMseedqystassvehichcase coonfmonscenarios that arise during
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the production and pr o doensa IMisgmore Bolublenaddo me t h ¢
accesdo this form can provide higher efficacy drug formulation, but the stability is an

i ssue during actual producti on-IMisAimiteda r es u|
since natural processing conditions could lead to transformation of the metéstable

Whil e Ostwaldds rule and HM gneetitiisctlse loveav or s
stability form, when storing this material at elevated temperatures, thermodynamics
dictates t ha tfornt di B woutd sesult¥ 0% THisds doserved in the

DSC scans inFigure 4.7, where thermal holds at 125 °C results in additional

i nt er con v-leM s tIM. rBeedirfy aldd causes thisdntonversion and timed
studies showed t hlaM 4 ee d hidvrcypsalsashasitiandd)ao f 9
di fferent crystal structure al mdMdystalsmmedi a

have undergone interconversion, resulting in a totel 7-BM% the sample.

The formation of hydrogen bonds bIElt ween
would also explain the stability against this transformation. Interconversion within the
aerogels would involve the disruption of these hydrogen bamdgiiring additional
energy. As sulcM iew etnhd hmargdh toher modiyinami c a
does not undergo interconversion and remains bonded to the CNC surfaces on the aerogel.
This hydrogen bonding is also able to provide stability agathe seedihduced
i nt er conlMr s M areoboth present within the aerogel to begin with,
indicatingMtbaysthesealbe st abomeFuaherchorelo n ot
even when -laM ds @d d narl y ot afbrm remaing stabildet avithin  t h e

the aerogel. Seeding typically provides a platform for growth and can cause a shift in the
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crystal struct ur-BV crystats wre already physicalty beundttchtiee U

CNCs, no such shift occurs.

Additionally, the poras structure of the aerogel can further assist in stabilizing the
i ndomet haci n c r-Wsctystdlssexist & ilomg fibdiké heedled) the
constraints of the pore walls within the CNC aerogel would limit the mobility of IM
crystals and thereferrestrict interconversion to more the platé klkl crystals. This
type of stabilization within pores has previously been suggested by Nartowski et. al. for
IM form V.'°! They posited that the spatial constraints inside controlled glass pores
assistedwith crystallizing IM form V and preventing impurities from affecting the
crystals. Since the CNC aerogel-BMneedles, al s o

it is possible that these crystals are further prevented from conversion.
4.4 Conclusions

Theser esul ts show the effects of the- CNC a
form of the model drug indomethacin. IM was recrystallized into CNC aerogel scaffolds
as a mixture of th-eMtabBpol ¥ moa gIMpdiwdeivio r imis a
hasat endency to intercofhhoremt when t $iNkscadod ewistt
crystals. Through the use of quantitative Raman spectroscopy analysis, we showed that
wh e n -IMis erystdllized in a CNC aerogel, no interconversion occurs in the presence
of -l oM seeds. This study also investigated t
IM during high temperature holds in order to further stress the material and determine
whether this stabilization effect was effective with under elevated tempecandiions.

Whi I-leM Upowder by itself showed high -interc
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form when held at 125 -foACwitfinoONC aemgels did ®t6 h o u
show any such transformation. This has important implications not ofiging able to

stabilize a metastable drug form, but also in increasing the efficacy of certain APIs as these
metastable forms, typically with higher solubilities shown in this chaptecould be
administered to patients without the concern of interemion. An added benefit is the

ability to use these CNC aerogels to protect against interconversion due to the presence of
seeds of a more stable API form, especially during the production préacessdiminary

solubility study comparing the dissolutipnr o f i HJIMeversus the IMaerogel samples

showed that the IMerogel sample has faster dissolutioni ndi c a t-iMmwighint hat t
the aerogel was able to release and dissolve faster showing promise for using CNC

aerogels as orgtep drug crystallizeon and delivery systems.
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CHAPTER 5. Surface modified cellulose nanocrystal films and

aerogels for crystallization of pharmaceutical polymorphs

In this chapterfilms and aerogels of surface modified cellulose nanocrystals were used
to study thecombined effects of surface templating aswhfinement on directing API

polymorphism.

Films and aerogels containing three different surface chemistries were used for
crystallization of ROY in order to study and differentiate the individual effects of surface
templating and confinement. Unmodified and surface modified cellulose nanocrystals
(CNCs will be used to indicate the collective of all cellulosic materials usadiolapter)
were prepared and used as templates and scaffolds for crystallizing ROY. Unmodified
CNCs present with a hydroxyl group on the surfaceC(UC), TEMPO oxidized CNCs
contain a carboxyl group on the surface@QQC), and Jeffamine coupling puts pohain
polymers onto the CNC surfatieat contain ether groups, amide groups, and hydrophobic
C-H functionalitiesthroughout the chains-@NC). These three CNC surface chemistries
can provide a view of the effect of surface functional groups on dirgatitygnorphism.
Additionally, an investigation of CNC films versus aerogels allows us to understand the
effects that pores and confinement have on polymorphism. The rigid structures of aerogels
can entrap specific molecularrangementspreventingmolecula rotationand the gel
surface chemistry can provide bonding sites for specific functionalities of an APl molecule,

which can further direct polymorphism.
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The crystallization study in this chapter was performed usiihg pharmaceutical
intermediate 8Viethyl-2-[(2-nitrophenyl)amino}3-thiophenecarbonitrile, known as ROY
for its red, orange, and yellow crystaf8 ROY exhibits this color polymorphism due to
thevariation in the torsion angle of theC-S bond of the molecul@igure5.1).2%° At least
ten polymorphs have been discovered and studied for this moleculedue to the
dependence of the polymorphism on physical constraints and conformations, ROY is an
excellentmodel molecule for studying the combined effects of surface chemistry and
confinement on polymorphis#?2°? The known polymorphs of ROY included prisms
(R), yellow prisms (YY), orange plates (OP), orange needles (ON), yellow needles (YN),
orangered plates (ORP)red plates (RPL)yellow 2004 (Y04), Y04 transformed (YTO04),

and red 2005 (R05§49:252.253

N
(@) O.
\N/ \sH ///
L6
=
i/
CH,

Figure51Chemi cal structure of ROY showing th
polymorphism

Using ROY as a model molecule, this chapter provides a preliminary look into how a
combined approach to crystallization can provide the benefits of both surface chemistry

and onfinement to rationally design systems for polymorph control.

5.1 Materials and Methods
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5.1.1 Materials

Cellulose nanocrystals were obtained from Celluforce as a spray dried powder (Lot #
2015009). CNCs were washed with acetone in order to purify and improve the
reproducibility of the materials, as describedCHAPTER 2 Briefly, CNC powder was
suspended in acetone and stirred for 10 minutes. The disperaothen centrifuged at
10,000 RPM for 10 minutes using an Eppendorf centrifuge. The supernatant was removed,
and the waslttentrifuge cycle was repeated twice more. The purified CNCs were left to

dry in air overnightand will be referred to as-GNCs in ths chapter.

2,2,6,6 Tetramethyll-piperidinyloxyl free radical (TEMPO) was obtained from TCI
America. Sodium bromide (NaBr), and sodium hypochlorite (NaOCI) were obtained from
Alfa Aesar. Jeffaminé2070 (a hydrophilic polyetheramine with molecular weigloZ@
g/mol)wasdonatedy HuntsmarCorporation.N-Hydroxysuccinimide (NHSyas obtained
from Thermo ScientificN-(3-dimethylaminopropybN Nghylcarbodiimide hydrochloride
(EDC) wasobtained fromOakwood Chemicaknd5-Methyl-2-[(2-nitrophenyl)amino]3-
thiophenecarbonitrile (ROYyas obtained fronTCl America Ethanol was obtained from

Decon Labs.

5.1.2 Surface modification of CNCs

5.1.2.1 TEMPO Oxidation

Oxidation of CNCs was dores described isection2.1.4 Briefly, about 1 g of dry
U-CNCs were suspended in 150 mL water and stirred for 10 miaatesonicated using

a probe sonicatoto evenly disperse. TEMPO (0.035 mol/mol CNC) and NaBr (0.5
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mol/mol cellulosg were added and the suspension was further stirred for 10 minutes.
NaOCI (3 mol/molkellulosg containing 1115% active chlorine was added in a dropwise
manner to start the oxation procedure. The pH of the mixture was kept between 10.5 and
11.5 with the addition of 0.5 M NaOHhroughout the oxidation and the reaction was
deemed complete after 4 hours of stirring when the pH of the mixture stopped decreasing
rapidly. The reactio was terminated by adding 5 mL ethanol and stirring for another 30
minutes. The final product was centrifuged to separate the solids and the concentrated
oxidized CNC (GCNC) samples were dialyzed against DI water for 5 days. Finally, the

O-CNC was freezalried to obtain a white powder.

5.1.2.2 Jeffamine coupling

Jeffamine couplingnto GCNCs was done followinthe procedure bjzzam et. al’
Briefly, 0.5 g of QCNC was suspended in water and 4.5 geffamine M2070 was added
to the suspensioand he pH wasadjusted tdetween 7.8. NHS and EDC were dissolved
in 2 mL deionized water aratided to the mixtur@éNnHs= Nepc = Nueffamine= 4 per mole of
carboxyl group).The mixture was stirred overnight at room temperature and the pH was
maintained between %&throughout the mixing process. At the end of 24 hours, the pH was
decreased tt-2 by adding HCIThe suspension was then dialyzed against deionized water
to remove rcess eagents. Finallythe Jeffamine coupled CNG-GNC) was freezelried to

obtain a white powder.

5.1.2.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to confirm the different

surface modifications. FTIR is deribed in3.1.3.1and is used in this chapter to identify
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the functional groups on the surface of the CNC films and aerogels. A Shimadzu FTIR was
used with an attenuated total reflectance (ATR) sample holder. Small amounts of the
films/aerogels were placed on the ATR crystal and an FTIR spectrum was measured
between 40000 cmt. Prior to oxidation, no peaks are observed in the 60D cmt

range ad post oxidation, a peak appears at around 1602 attributed to the carboxyl
group from the GCNC. Jeffamine coupling converts the carboxyl to an amide group and

shifts the C=0 peak to around 1645tm

5.1.3 Filmsand arogek of cellulosenanocrystals

Films of CNCs were made using 1 wt% suspensions. These suspensiodsopeast

onto Teflon petri dishes and driedéit°C overnight to obtain uniform films.

CNC aerogels were made by freeze drying 1% suspensions. First Us@BC/O-
CNC/JCNC suspensions in water were probe sonicated to fully disperse the material. 5
mL samples of the suspension were then placed into a silicone tray and the tray was put
into a-80 °C freezer overnight. The frozen material was then freeze dried using af&eeZ

2.5 L freeze dryer. The aerogels were hexagonal prisms.

5.1.4 Characterization ofilms and aerogels

5.1.4.1 Atomic Force Microscopy

Atomic force microscopy (AFMin tapping modeavas used to determine the surface
roughness of the various CNC filmBhis is ahigh-resolutiontechnique thats able to
obtaintopography information about almost any type of surfac&pping mode AFM, a

small tip attached to a cantilever is scanned over the surfadbendntilever is vibrated
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and comes into contact with the surfao®d provides an image of the topographmy.
contrast to SEM or TEM, this technique provides a trgén®nsional surface profile and

is therefore useful for imaging films.

A Bruker Icon Scanning Probe Microscopeas usedn this chaptemwith a n-type
silicon tip(MikroMaschHQ:NSC14/A BS) to obtain height and phase imad¢anoscope
Analysis 2.0 software was used to analyze the imagesietermine the surface roughness.
Drop cast films of the various CNCs were placed on top of silicon wafers tcahzael,

flat surface for imaging.

5.1.4.2 Scanning electron microscopy

In this chapter, scanning electron microscopy (SEM) was used to obtain images of the
aerogels to determine the pore sizes within the aerogel networks. Prior to inthging,
aerogels were cryfractured by first dipping the gels into liquid nitrogen follavily
cracking the gels along the middle in order to be able to image the interioragfrthels.
Thesesamples were mounted with carbon tape on aluminum stubs and sputter coated with
a Hummer 6 gold/palladium sputter coater. SEM images were taken usaigsdJItra60
field emission scanning electron microscope at an operating voltage of [Bnkye J
analysis software was used to determine the pore sizes within the aefotshd of at

least 4500res were measured from 3 different samples for eaehofigerayel.

5.1.5 Crystallization of ROY onto films and aerogels

Saturated solutions of ROY were made by dissolving 12.5 mg/mL of the powder in

ethanol and heating up to 60 °€.sample of this solution was recrystalliz@ging the
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samequenchingparameterss below) without any CNC films and aerogels in order to
determine the crystal structure of ROY recrystallized from ethanol sqyesmtsample is

namedROY-EtOH throughout the rest of this chapter

Crystallizationonto films was performed byertically immersing the CNC film#to
vials containing ROY solution¥hese systems were quenched to 4@ left forl8hours.
The films were then removeghd air driecbefore analysis. Crystallizatidnto aerogels
was performed by drop casting 1 maf.the ROY solution into the different aerogels held
within the silicone tray followed by cooling to 4 °C to induce supersaturaiifter 18
hours the aerogels were removed from the fridge and stored under vacuum overnight to

dry off any excess liquid.

5.1.5.1 Optical microscopy

Optical microscopy was used to qualitatively characterize the ROY crystals. Since
ROY polymorphs have distinctiveolors and shapes, optical microcopy provided a good
indication of the crystals obtained from each type of film and aerbtielographswere

takenusing a LEICA DMi8 microscope in transmission mode.

5.1.5.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to analyze the thermal profiles of
the pharmaceuticalROY sampleqasreceived, crystallizednto films, and crystallized
within aerogels)were heated aB / mi n 50-1500m t o deter mi ne
temperaturesof ROY crystals Melting is an endothermic process and the onset

temperature of the endotherms eve used as an indication of the beginning of melting.
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The melting temperature of the different forms of RQNat have been determined till

date)are given inTable5.1.249:2%3

Table 5.1 Melting temperatures of the seven solved polymorphs of ROY

ROY form Melting temperature (°C)

Yellow prism(Y) 109.8

Red prism (R) 106.2

Orange plate (OP) 112.7

Orange needle (ON) 114.8
Yellow needle (YN) 99
Orangered plate (ORP) 97

Yellow 2004 transformed (YT04) 106.9

5.1.5.3 Raman spectroscopy

Raman spectroscopy was used to further identify the polymorphs of ROY crystallized
on the films and within the aerogekhis technique has been described in seetitrb.2
A Reinshaw Raman spectrometer equipped with a 785 nm laser gnading with1200
lines/mm was used. Spectra were collected and analyzed using the WIRE 5.0 software
package.A static scan mode centered around 2200 emas usedand spectra were
collected with an exposure time of 3isa laser operating at 1% powehelpeak between

2220-2250cm* was used to determine the polymorphism of ROY.

5.1.5.4 X-ray diffraction

The basics of XRD were described in secti®i.3.3 For this chapter, XRD
measurements were taken on a Panalytical Empyrean instrumentseddofurther

determine the crystal structure tife ROY crystals grown &m the CNC films and
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aerogels Samples were placed on zdrackground sample holders and scans were
performed between 5°40° using a 132° antiscatter slit and a G20radian soller slit. As
receivedROY wasalso tested for referenc8alculated XRD pa#rns were obtained from
the Cambridge Crystallographic Data Center (CCDC) and Me&020.3.0 software was

used to analyzed XRD patterns.

5.2 Resultsand discussion

5.2.1 Cellulose nanocrystal films and aerogels

Surface modifications of the CNCs were carried sutcessfullyas determined by
FTIR (Figure5.2). TEMPO oxidation was first performed to convert tlyeltoxyl groups
on unmodified CNC (kCNC) surfaces t@arboxyl groups and obtained oxidized CNCs

(O-CNCs). Amide coupling was then used to obtain Jeffargmaited CNCs RCNCSs).
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Figure 5.2A. FTIR Spectra (400-4000 cm?), B. 16001700 cm? region of FTIR
spectra to show detailsand C. XRD powder patternsfor unmodified CNC (green),
oxidized CNC (blue),and Jeffamine-coupled CNC (pink). Inset imagesin B show
the functional groups of O-CNC and J-CNC.

The U-CNC spectra (green) shoavvery small peak in the 16A000 cm' region,
which is attributed to absorbed water in the celluf§$&he appearance of a strong peak

at 16@ cm! in the GCNC spectra (blue) is confirmation ofidation reaction and
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corresponds to the C=0 stretching taf thesalt form of thecarboxy group. In the 3

CNC spectra (pink) thintensity of thesharppeakat 1602 crit hasreduced significantly

and shifted to 1643 cm indicating that the reaction with the carboxyl group has taken
place.This peak is attributed to the C=0 group in the amide functional group that is present
on the ICNCs/"#%OFjilms and aerogslof the CNCs were prepared and aganalyzed

using FTIRand confirmed to have tlsame functionalitieas the CNCs used to make them
These results show that the target surface chemistries were achieved on the films and

aerogels.

The crystal structures of the CNferogelsvere determined XRD and the three type
of CNCshad the same XRD patterr&harp peaks appeared at1146.7,18.6, 22.9, and
25.8 represerihg the (101), (110), (111), (200), and (120) planes of cellulgs&Hese
results are in line witthe XRD peaks determined for Celluforce CNCséttion2.2.],
with very slight variations in peak positions due to the alignment of the cellulose

nanocrystals within the aerogel structures.

Films of the CNCs werg@reparedusing 1wt% solutionsdrop-cast into Teflon petri
dishesThe surface roughness of these filmassdetermined using AFMRigure5.3). The
average surface roughness V8a8+ 0.8nm, 4.5 £ 0.8 nm, and 2.6 + 0.2 nm for the U
CNC, OCNC, and ICNC films respectively. Tése low surface roughness valueticate

that the filns do not contain pores and the filmartbe considered flat surfaces
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Figure 5.3 AFM height imagesshowing the topographyof A. U-CNC film,
B. O-CNC film, and C. J-CNC film

Aerogels of the CNCs were freedeed from 1 wt% dispersions in water and the pore
sizesweremeasured using SEM images of cifyactured aerogeld={gure5.4). Average
pore size was determined to be 61 = 11 fifint 10 um, and 29 + 10 pum for the CNC,
O-CNC, and ICNC aerogels respectively. TheCNC aerogels contailonger polymer
chains within he networkwith a polymer chain length of around 40 monomer uwiksch

could be the reason for a smaller mesh &##&:25°
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Figure 5.4 SEM micrographs of A, B. UCNC, C, D. OCNC, and E, F. JCNC
aerogels

5.2.2 AsreceivedROYand recrystallisation from ethanol

ROY polymorphs are distinctldifferent in appearancand can be identified using

optical microscopySeven of the ROY polymorphsyebeen solved and documented by
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various previous studiegach of thesgolymorpls of ROY has aknown and distinct
melting temperature, making DSC a standard technique for determining ROY
polymorphisn?*®:2%¢ Additionally, since the polymorphism in RO¥ based on torsional
angle between the planes of the two aromatic rings within the molétgied€5.1), each
polymorph contains distinctly different vibrations and can be identified
spectroscopically®?4°The signature peak in the Raman spectra of ROY arises from the
nitrile stretch occurring between 222050 cm'.?°22°¢Each of these ROY polymorphs

also has a distinct XRD pattern, iwh have beepreviouslyreported.

Figure 5.5A, E. Optical microscopy imagesB, F. DSC scansC, G. Raman spectra
and D, H. XRD powder patterns for A-D. asreceived ROYand E-H. ROY
recrystallized from ethanol

The asreceived ROY material was characterized to determine its crystal structure
before any recrystallization was perform@egure 5.5A-D). These crystls were the
orange plate (OP) form of ROY with a melting point onsetXdf 1 °C. The asreceived
ROY contained &aman shifpeak at 2226.6 ctfurther confirming the OP crystal form
The XRD powder pattern of asceived ROY was compared with the cédted powder

patterns of each ROY formvailableand corresponded with the OP crystal structure as
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